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NEW FM TRANSMITTERS 
TYPE 505 series 


This new series of FM transmitters 

for Band II, with power output of 1 or2 kW, 
is intended for remote-controlled, 
unattended operation. The design offers 
intrinsic flexibility, interchangeability of 
units, convenient duplication of the complete 
transmitter and easy accessibility for servicing. 
The basic units are: Drive unit, 1KW RF 
amplifier and associated power supplies. 
Various combinations of drive and amplifier 
units can be used so that several different 
programmes or powers can be radiated. 

A typical application could be the use of a pair 
of amplifiers in parallel with main and 
standby drive units. Automatic drive 
changeover facilities are provided. 

The drive unit embodies an entirely new 
technique of FM generation which greatly 
simplifies setting up and adjustment and 
provides good long term stability and low 
noise and distortion without the need 

for any special valve selection. 


View of typical assembly showing 1kW RF 
Amplifier (left) and Drive Unit (withdrawn) on right 


NEW TELEVISION & FM 
TRANSMITTING AERIAL 


TYPE 7OS series 


For use on Television Bands I and III 
and FM Band II, this aerial is a new development 
based on the Mesny principle. The radiating 
system has been closely integrated with the 
design of the tower and the number of feed points 
has been reduced to a minimum. Several 
different versions are available with different 
power gains and polar diagrams. 
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For further details write or telephone to:— 


E.M.I. ELEGTRONICS LTD 


BROADCAST EQUIPMENT DIVISION 


HAYES - MIDDLESEX + TEL: SOUTHALL 2468 


EE6 
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A Roman villa, A.D. 400 


URING their occupation of Britain (A.D. so— of the Cable Makers Association have been concerned in all | 
: A.D. 410), the Romans built themselves homes of great major advances in cable making. Together they spend over 
beauty. They brought from Egypt the art of brick-making one million pounds a year on research and development. 
—an art which disappeared when the Dark Ages came, and The knowledge gained is available to all members. This 
which was not recovered in England until the 13th Century. co-operation has contributed largely to the world-wide 
In architecture, as in many other fields, the Romans set a prestige that C.M.A. cables enjoy, and it has put Britain at 
standard which few have equalled since. In cable making too, the head of the world cable exporters. Technical information 
standards are of vital importance. For over 100 years members and advice is freely available from any C.M.A. member. 


MEMBERS OF THE C.M.A. Insist on a 
British Insulated Callender’s Cables Ltd. - Connollys (Blackley) Ltd. 
cable with the 


Enfield Cables Ltd. - W.T. Glover & Co. Ltd. + Greengate & 
Irwell Rubber Co. Ltd. - The Hackbridge Cable Co. Ltd.* 
W. T. Henley’s Telegraph Works Co. Ltd. + Johnson & Phillips Ltd. 
The Liverpool Electric Cable Co. Ltd. - Metropolitan Electric Cable 


& Construction Co, Ltd. ~- Pirelli-General Cable Works Ltd. C M A label 
(The General Electric Co. Ltd.) - St. Helens Cable & Rubber Co. Ltd. s 4 - 
Siemens Edison Swan Ltd. - Standard Telephones & Cables Ltd. 


The Telegraph Construction & Maintenance Co. Ltd. 
* C.M.A. Trade Marks for Mains Cables only 


The Roman Warrior and the letters ‘C.M.A.’ are British Registered Certification Trade Marks, 


CABEE™MAKERS ASS@CIMPON 


CABLE MAKERS ASSOCIATION, 52-54 HIGH HOLBORN, LONDON, W.C.x1r. 


TELEPHONE: HOLBORN 7633 | 


CMA22 


The best 


( iii ) 
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volt 


Stabilisers in the world 


® Wide Current Range... 
_" 2 to 60 milliamps 


® Small Regulation Voltage. . 


Less than 9 volts 


\» High Stability... 


Typical variation in burning volt 


less than + 2% in any 10,000 hours 


of operation. 


age 


i 


Full data is readily available 


from the address below. 


: MULLARD LIMITED 
: MULLARD HOUSE 
TORRINGTON PLACE 
: LONDON - W.C.I 
TEL: LANGHAM 6633 


i 


Mullard 


GOVERNMENT AND 
INDUSTRIAL VALVE DIVISION 


BRITISH SERVICES PREFERRED TYPE 


M8225/CV4080 


The high performance of the Mullard stabiliser 
75C1 has led to the recent adoption of its 
Special Quality equivalent M8225/CV4080 by 
the British Services as their Preferred 75-volt 
stabiliser. The M8225/CV4080 is tested for 
specialised applications in which conditions of 
extreme shock and vibration are encountered. 


GENERAL PURPOSE TYPE 


sl 


The 75Cz1 is the best 75 volt stabiliser available 
in the world for general purpose use in industry 
and communications. It has the same electrical 
characteristics as the M8225/CV4080 and like 
this British Services Preferred valve provides 
an exceptional combination of long life, stability 
and good regulation. 


See Mullard valves & tubes 
(imax) on Stand 2 at the 
Mullard ELECTRONIC COMPUTER 
A EXHIBITION - Olympia 
November 28 to December 4 


P)mvr3ss 


The equipment is suitable for operation under varied 


climatic conditions. For example, a G.E.C. |2-circuit system is operating | 
successfully near the Arctic Circle where severe icing conditions 
are experienced during the winter months. 


| 


| | | 
Everything for Telecommunications by open-wire line, cable and radio; single and multi-circu: 


G.E.C. 8. THE GENERAL ELECTRIC COMPANY LIMITED OF ENGLANI 
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Top left—Monitor, top right—Alarm, bottem 
left—Pilot Control and bottom right—Amplifier, 
some of the Panels used in the 12-Circuit Open- 
wire Terminal Rack shown on the right. 


3.E.C. 3-circuit and 12-circuit carrier telephone equipment provides 

‘or the transmission of three and twelve high-quality speech circuits, respectively, 
ver an Open-wire route. Each speech circuit effectively 

‘ransmits the frequency band 300c/s to 3400c/s. Signalling is effected at 

the out-of-band frequency of 3825c¢/s on each circuit. 


The signals transmitted to line in the 12-circuit system are within the frequency 
pand 36 to 143 kc/s, and in the 3-circuit system within 3.16 to 31.1 kc/s 

in accordance with the recommendation of C.C.I.T.T. 

hus a 3-circuit and a 12-circuit system can operate over the same open-wire pair. 
Several systems can operate along the same route. 


When required, a broadcast programme circuit of approximately 10 kc/s bandwidth 
van be inserted at the intermediate frequency of 84 to 96 kc/s, in place 

of three speech circuits in either system. In addition, twenty-four 

yoice-frequency telegraph channels can be provided over any speech circuit. 


By suitably spacing repeaters along the route, a system may be operated over 
distances of many hundreds of miles, the exact distance and spacing of repeaters 


depending on local conditions. 


The equipment itself is the latest G.E.C. Type 56. A complete 3-circuit terminal or a 
complete 12-circuit terminal is accommodated on one single-sided rack. 


For further infor- 
mation please write 
for Standard 
Specifications 
SPO1011 
and 
SPO1025 


ad TV link; short, medium and long haul. Automatic and Manual exchange. 


TELEPHONE, RADIO & TELEVISION WORKS : COVENTRY: ENGLAND 
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100% 
BACKGROUND 0n ist December, 1958, the G.P.O.’s mite 
new Subscriber Trunk Dialling (S.T.D.) scheme comes into DOO 
operation on the Bristol Central Exchange, by 1970 it will embrace ON z= t i 
three quarters of all trunk calls in the United Kingdom. POD as S O Oe | a i 
When S.T.D. is introduced, al] telephone calls, whether trunk DO 
or local, can be dialled. The calls will be charged in twopenny units. OOS 
It is these units that SMITHS Subscriber’s Private Meter has been KN 


‘ Ree OX) ~ 
designed to indicate. le W | 
BOOK) 
606 
oe 


THE INSTRUMENT This consists essentially of a meter, “00 


designed to British G.P.O. specification, housed in a shock oe 
resisting plastic case. The meter dial has two scales marked POD 
0-100 units. The outer scale in yellow registers units, the inner we S ae LD 
white scale registers hundreds. A yellow and white pointer are ane a ' . 
associated with the two scales. ay 
A third pointer in red also registers units but can be reset to On 
zero by depressing the red button in order to register the cost of an veers 
individual call. Operation of the reset button does not interrupt DON 
the function of the meter and the yellow and white pointers will vane 
continue to summate the call charges. ae 
SALIENT FEATURES No audible noise interference. fe 
Does not respond to voltages less than 100V. 25 c/s A.C. under ane 
normal ringing conditions or fault conditions. ret 
Cannot be made to give false readings by shaking. vaene 
This meter will be available to subscribers on the S.T.D. DON 
system in the U.K. by rental from the G.P.O. BSE 
Overseas enquiries should be made direct to the address below. ie 
NMITHS INDUSTRIAL INSTRUMENT DIVISION 
Chronos Works, North Circular Road, London, N.W.2. Telephone: GLAdstone 1136 
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Excellent general purpose R.F. 
transistors which are finding 
RF increasing uses in switching 
TYPES circuits. Have useful current gains 
Min. fo at high pulse currents and can be 
- selected for 15 and 30 Volt operation. 


a 
s yah EMce Maximum dissipation now 75 mW ; 
wo] V6/R4 | 4 Mes. 125 mW ona heat sink. 

V6/R2 2 Mcs. Clips supplied free. 


A U D | 0 TYPES An ideal transistor for audio 


stages of portable receivers. 
Min. Beta Maximum dissipation now 125 mW; 
5 a 5 : 
V10/50B | 50 on a heat sink 200 mW. Clips 
2 liec ; t 
V10/308 | es supplied free pocced ypes 
| for 30 Volt operation can be 


WAG/ESA) 15 supplied to order. 


10 Volts 


Newmarket @0[/0P Transistors 
Now @h RANGES IN PRODUCTION 


INTERMEDIATE POWER 


With maximum power dissipation of 2 watts, 
this transistor fills the gap between the audio 
types and the Io watt power types 

in both power output and frequency range. 
Excellent for low-power transmitters at 
frequencies up to 500 kc/s. Sealed by cold 
welding and supplied with special clip 
mounting, eliminating large fixing studs. 
60-Volt types can be selected to order. 


S74l3 


Volts 


45 V15/201P 
30 =. V30/201P 


Min. Beta 20 


ACTUAL 


The widest range of power transistors 


Minimum Beta available with the closest tolerances. 
Volts} 10 | 20 | 30 Extremely robust, reliable and stable. High 


TROAINESEE SO) RES, 


45 {V1 5/10P| V15/20P V15/30P heat dissipation—up to 20 watts per pair 
# = t used in Class B with suitable heat sink. Up 
30 }V50/1 oF V30/20P| V50/50P to 80 watts per pair obtainable in Inverter 
= 60 }|vs0/10P: ane V60/30P applications. Matched pairs can be supplied. 


| 
| | 


ALL 


Leadin g the w AY With four years manufacturing alse pound us we are sol expanding our 
production, still increasing our efficiency by new techniques 1n mechanisation. This policy ensures that the 
latest developments in transistors will always be offered by Newmarket at extremely competitive 


prices. The special requirements of every customer receive individual attention. 
* Identified by the gold top. 


All enquiries to: 


Newmarket 
Transistor Co Ltd 


Exning Road, Newmarket, Suffolk 
Telephone: Newmarket 3381-4 Cables: Semicon Newmarket 
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introduces 


Equipment 


TYPE 


AUTOMATIC TELEPHON 
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DESIGNED FOR CONTINUOUS SERVICE 


The remarkable possibilities offered by modern 
components have been fully exploited by 
A.T.E. in the design of their latest range of transmission 
equipment. New mechanical design especially suited 
to printed circuitry has ensured compact assemblies with 
complete accessibility for maintenance. This card mounted 
equipment, which uses transistors throughout, has full 

_ C.C.LT.T. performance. It is thus equally suitable for 


extending existing installations and for new projects. 


CTRIC COMPANY LIMITED 


Strowger House, Arundel Street, London, W.C.2 
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A new | Plessey 


range of Plugs 
and Sockets 


COVERING THE ENTIRE ‘AN’ RANGE 


The Plessey UK—AN series of electrical connectors is 
now available and, for the first time from a non-dollar 
source, manufacturers will be able to obtain a full 
range of plugs and sockets completely interchangeable 
with the existing AN range.* 

The Plessey UK—AN range has been designed and 
developed to M.O.S. Specification EL 1884 and RCS 321, 
and UK-AN connectors are fireproof, pressure sealed 
and environmental resisting. No separate wiring 
accessories are needed. 

Write for test reports and full technical details. 


Thawing out after low- Fireproofness test Testing insulation resistance 
temperature test at —60° C, (15 mins. at 1,100° C.) under direct water jet. 


* There are many thousands of separate items in the AN range as it exists at present, 
whereas the ingenious Plessey UK-AN list comprises less than a thousand separate 
items, yet achieves the same service requirements. 


ELECTRICAL CONNECTORS DIVISION 


THE PLESSEY COMPANY LIMITED - CHENEY MANOR - SWINDON . WILTS 
Overseas Sales Organisation: PLESSEY INTERNATIONAL LIMITED - ILFORD . ESSEX 


@® PW2a 
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south Africa adopts the 
meet EINNARY NEOPHONE 


Hive Celeyoyanerae! ca! “tonel py 


The introduction of the Centenary Neophone aroused world- 
wide interest on account of its improved performance and 
appearance. Now the Department of Posts and Telegraphs of 
the Union of South Africa, after careful laboratory testing and 
comparison with other instruments, has selected the Centenary 
Neophone, with light grey case and maroon handset, as stan- 
dard for all future requirements, and the first telephones will 
shortly be in service. This Administration, which installed the 
first automatic trunk switchboard in 1934, also standardised the 
original Siemens Neophone more than a quarter of a century 
ago, and its present action is a tribute to the service it 


The original Neophone 


has received. 


The Centenary Neophone is also available in black 


and nineteen other colour combinations. 


SIEMENS EDISON SWAN LTD Ai AE./. Company 
Public Telephone Division, Woolwich, London, S.E.18. Telephone: Woolwich 2020 


D1506 
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Componen 


(Patents pending) 


HE most recent, the most outstanding, and the most 
revolutionary example which has emerged from the 
Erie principle of living together, and one which will be 
welcomed by all associated with the problems of 
adapting traditional components for printed circuits, 
is a component specially developed and specially 
tailored for the job. 


This component, to which, for want of a better term, 
we ascribe the adjective “pluggable”, is fitted with 
special strip terminations, shouldered and tapered at 
the end for easy insertion and positive location, thus 
avoiding crimping, looping, bending, cropping, and 
elaborate and expensive insertion machinery, as is 
necessary with the traditional wire ended component. 


These terminations are spaced in integers of 0.1 in., 
and can be applied to any Erie tubular resistor or 
capacitor at present fitted with wire ends, and amongst 
their other advantages, they ensure that the component 
is mounted at a standard and safe distance above the 
printed circuit board, and that inductance and stray 
capacitance are both low and constant. 


Pluggable components are firmly secured by the 
mere act of insertion, and, being raised from the board 
by means of the shoulder, can easily be clipped out in 
servicing, and replaced either by a component of the 
same type, or by the traditional wire ended component, 
whichever happens to be the more readily available. 


Illustration 
actual size 


* 
ey \ , | 


RESISTOR LIMITED 


Carlisle Road, The Hyde, London, N.W.9. England, Tel: COL 801] 


Factories: Great Yarmouth and Tunbridge Wells, England; Toronto, 


Canada; -Erie, Pa: and “Holly= iSprings. Miss:; UiS-AL 
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Hedifon 
GR.310 1 watt H.F. 
TRANSISTORISED 


NEW~— from 


WALKIE - TALKIE 


for telephony and CW 


4 crystal-controlled spot frequencies 
anywhere in the range 2.5 to 8 Mc/s 


LIGHT AND COMPACT 
RUGGED AND TROPICALISED 
NO TUNING 

SIMPLE TO OPERATE 


Brief specification 
Frequency Range: 2.5 to 8 Mc/s. 
Power Output: | watt. 

Receiver Sensitivity: 3—6 microvolts. 


Full details on request 


Radio Communications Division 
REDIFON LIMITED, BROOMHILL ROAD, 


LONDON, S.W.1[8. VANdyke 7281 


Batteries: Self-contained chargeable 
lightweight silver- zinc cells. 
Special charging board available 
for plug-in block charging. 


Consumption: 20 hours continuous 
operation with 5 to | duty cycle 


on one charge. A Manufacturing Company in The Rediffusion Group 


100R 


THE introduction of a new telephone by the POST OFFICE 
to their many millions of subscribers is an undertaking o 
great magnitude. 

THE design and development of this new 706 type telephon 
has been completed by Ericsson Telephones Limited an 
Siemens Edison Swan Ltd. with the close co-operation of th 
Post Office Engineering Dept., and has resulted in an instru 
ment having a very high standard of performance and elegance 

IN consultation with the Council of Industrial Design, : 
range of single and two tone colours has been selected 
suitable for harmonizing with a wide range of architectura 


colour schemes and furnishings with a maximum of tolerance 


The case and lightweight handset 1s moulded in Diakon, 
having a greatly improved functional shape and designed to 
completely eliminate the use of metal inserts. 
The dial letters and numbers shown on an annular ring, 
= L FE P H 0 N E surround the finger plate giving improved visibility of the 
characters, thus reducing the incidence of wrong numbers. 
- “Grebe” grey cords and desk block are common to all 
colours. 


The instrument can be fitted with a central press button for 


shared service, recall, etc. 
All components are mounted on the base, with operation 


a 
| i G O / O 1 | Pf completely independent of the case. Releasing two screws 
adjacent to the cradle plungers allows the case to be removed 
; without inverting the telephone. 
Conventional wiring is used with a one-piece moulded base 
of toughened polystyrene incorporating the terminal insula- 
AVAI LABLE IN:— » tion, or alternatively with a PRINTED CIRCUIT using a 
pressed metal base. 
The light action cradle switch with its enclosed springset 
is provided with a linesman’s latch which holds the switch 
’ operated during maintenance. 
TW 0 z T 0 N E G R E Y Automatic regulation of the high performance is provided 
for short lines. 
The rear aspect of the set is simple in form and the illus- 


TWO ns TO N E G R E E N tration below indicates the provision of an ‘off hook” rest 


position for the handset. 
LACQUER RED 

| COLONIAL BLUE [eeeeeeese goa eee 
TOPAZ YELLOW 


IVORY 


BLACK 


ERICSSON TELEPHONES LIMITED 
ETELCO LIMITED 


22 LINCOLNS INN FIELDS, LONDON, W.C.2 
BEESTON, NOTTINGHAM & SUNDERLAND 


SIEMENS EDISON SWAN LTD 


WOOLWICH, LONDON, S.E.18 AN AEI COMPANY 
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There are many ways of keeping one’s customers 


... but the best way that we’ve found is quite 

simply to do the job exactly as it’s wanted, and by the time 
it’s wanted. If this is the service you’re looking for, 

get in touch with: 


Metropolitan Plastics Ltd 


on ZINe 
oy 


Specialists in thermo-setting plastics 


UE casTERS 


Glenville Grove, Deptford, London SE8 
Telephone: Tipeway 1172 
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and chokes 


Do your products embody transformers and chokes? ‘ENGiisH ELEctrRIc’ ‘C’ cores 
satisfy the most exacting demands of the electronic industry. Leaders in the development of 


strip-wound cores, ‘ENGLISH ELECTRIC’ manufacture the full range of standard ‘C’ cores to 
RCL 193 and cores for special requirements. Detailed information is available on request. 


Some of the advantages of using ‘ENGLISH ELEcTRIC’ ‘C’ cores: 


+c Easy to store and handle, their use results % Transformers have lower losses, lower mag- 
in reduced assembly time. netising VA and lower leakage flux. 
%* Transformers are up to 30% smaller and % Cores are suitable for oil-filled, open type or 


“‘resin cast’’ transformers. 
%* Cores are stable up to 250°C. 


ENGLISH ELECTRIC 


‘Cc’ CORES 


ae nn Nn a ll (in Aten. ceca 0000 i 


AE eer ELECTRIC Company LIMITED, MARCONI HOUSE, STRAND, LONDON, W.C 


Transformer Department, Liverpool 
Bey. 2B RA B.OUR-D- * ier WER PF OO I * AGCRIN GOT UN 


lighter. 


Wik mos SAFE ORD. * PRES TON ° RUG 


“L33° 
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Sau 


QUARTZ | 
CRYSTALS 


From 

200 cycles/sec 
to 

90 Mc/sec. 


For long term stability and 


unfailing activity, G.E.C. Quartz 


Crystal Units provide the basis 
for reliable communications 


systems. 


A complete range of units to meet 


D.E.F.5271 and R.C.L.271 


Inter-Services styles can be 


supplied. 


i 


SALFORD ELECTRICA NSTRUMENTS L 
( COMPONESES GROUP) 


HEYWOO D#®=LANCASHIRE Tel: 
London Sales Office ==!1: Temple Bar 4669 = 


SS 


A SUBSIDIARY OF THE. GENERAL ELDEGRRIC CO. DDO rer Ge 


= 


T TeMREss Mae 


4 


Combined Operations 


The complexity of modern radio-multichannel systems involving 
hundreds of telephone channels has brought about a collabor- 
ation between the two leading specialist organizations in the 
field—Marconi’sin radio, and A.T.E. in carrier transmission. 


This completely unified approach to development, 
systems planning, supply, installation, maintenance 
of equipment and training of personnel covers 
radio-multichannel systems in the V.H.F., 
U.H.F. and S.H.F. frequency bands all 
over the world. 


E00 rot wi 


Full information may be obtained from either: 
MARCONI’S WIRELESS TELEGRAPH COMPANY 
LIMITED, CHELMSFORD, ESSEX, ENGLAND. 


or AUTOMATIC TELEPHONE & ELECTRIC 
Co. LTD., STROWGER HOUSE, ARUNDEL 
STREET, LONDON, W.C.2 
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SERIES 


@® New high voltage ® Available with or 
plates without cooling fins | 


@® Fully comprehensive ® Supplied ready 
range of plate sizes wired or bus-barred | 


® Savings in space, ® Simplified connection: 
weight and cost arrangements 


| 
| 
SenTerCel SERIES 400 selenium 
rectifier stacks are available from / 


. stock and from production. The rectifiers: 
3 SELENIUM P 
are made from a new range of high voltage | 
Gen f er Ce plates which, coupled with design changes, permit 
RECTIFIERS considerable savings in space, weight and cost. A new 

a a booklet No. MF/101 has just been published and is 


available free on request. Of interest to designers of 
conversion equipment, this publication gives full electrical) 
and mechanical information concerning SERIES 400. 


Standard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London, W.C.2 
RECTIFIER DIVISION:* EDINBURGH WAY - HARLOW .« ESSEX) 
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en at 


Remote Solenoid control by Push Button; easy, fast, with negative fatigue factor. 
If you need to push, pull, press or punch fractions of an ounce 

to hundreds of pounds through thousandths of an inch to five inches 

by remote control, consult Oliver Pell Control Ltd., who manufacture the 
master range of Varley Solenoids. All normal voltages and ratings 

are “off-the-shelf”. For any specific application, prototypes 7-10 days, 
quantity production 3-4 weeks. 


RECD: TRADE MARK 


FOR REMOTE CONTROL 


For full details of Varley Solenoids mail this coupon: 


OLIVER PELL CONTROL LIMITED 


CAMBRIDGE ROW . WOOLWICH . LONDON S.E.18 ENGLAND 
CABLES: VARLYMAG, WOOLWICH TELEPHONE: WOOLWICH 1422 
CERO ae Trainee OM REE rome bic sore esas slt dae sar edie trace ising tie cisdanamnne 
Toy GR OL GRE oo bg cHUb PEDO? Cn Op OG nN hee tin OD DOCEP BOE EUES See ODOR DOCDEE CREE SEE a COOOUC Oar 
ENTS SS oe TE aoe So TSe OU TON AE EAU OE SM picleelce Mess edie dined aleeain's slalviee Montacs cle saewiss vines 
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Marconi in Radar 


29 Countries use 


Marconi Radar 


MARCONI COMPLETE CIVIL AND MILITARY 
RADAR INSTALLATIONS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 
4.6. 
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The famous Avometers are possibly the most widely used instruments of their type in the 


World and have an excellent record of service under all climatic conditions, even at arctic 
temperatures. In tropical climates, however, there is a constant risk of derangement due to 
humidity, heat, and the development of fungoid growths. To meet these conditions, the 
manufacturers of Avometers have produced special types known as Models 7X, 8X and 
8(S)X, which are suitable for continuous use in any extremes of heat or cold. In these instru- 
ments, certain components are potted in Araldite epoxy resin, which has the advantages of 
remarkable adhesion to metals, ceramics, etc., good dielectric properties, low shrinkage, 
resistance to moisture and extremes of climate, and complete freedom from micro-biologica] 


attack. 


Araldite epoxy resins have a remarkable range of characteristics and uses. 


They are used * for producing glass fibre laminates 
x for bonding metals, porcelain, glass, etc. * for producing patterns, models, jigs, tools, etc. 
x for casting high grade solid insulation * as fillers for sheet metal work 
+ for impregnating, potting or sealing * as protective coatings for metal, wood 
electrical windings and components and ceramic surfaces 
® ages if ‘ 
Araldite Sgxvanenay 


Araldite is a registered trade name 


fe | B A (A : R : Is:) imi M IT E D Duxford, Cambridge. Telephone: Sawston 2121 


TO THE ANTARCTIC 


AC2 Mk. IIB 


TO THE TEMPERATE ZONES 


TO THE TROPICS 


AC2 Mk. I 


standard A.C. stabilisers give A.1 service 
in all climates for ONE price 


SERVOMEX a.c. voltage stabilisers are in use 
in the I.G.Y. programme in the Antarctic and 
in tropical Nigeria. These are in every way 
identical with the instruments in common use in 
this country. By extremely conservative design 
and by using components selected from the 
current inter-service approved list wherever 
possible, a very high degree of reliability is 
achieved. They will all withstand shock accele- 
rations up te 40 g. These instruments introduce 
no distortion in the waveform whatever, and are 
not upset by changes of frequency, power factor, 
temperature, etc. 


AC2 Mk. IIB and IA 


~ @ 0 torg amps 


@ Rarfge minus 17.5% to plus 8.75% 
@ 15 volts per second 


AC7 

@ 0 to 30 amps 

® Range minus 20% to plus 10% 
@ 12 volts per second 


Technical data sheets are available on request 


Servomex Controls Limited, Crowborough Hill, 
Jarvis Brook, Sussex. Crowborough 1247 
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> ENVIRONMENTAL TESTING 


Every Texas device is subjected to 

thorough environmental testing before 

despatch. This includes storage at 

-65°C. and +150°C. as well as 

i continued operation at 150°C. After 

2 this, it is subjected to thorough drop 
and vibration testing. 


NEW 4 WATT POWER TRANSISTOR 


HE NEW TEXAS medium power transistor with a collector dissipation of 

4 watts makes possible a high degree »{ miniaturisation of servo amplifiers. 
For example a pair in Class ‘ B’ push-pull operating from a 36 volt supply gives 
4 watts output, sufficient to drive a size 10 servo motor at full torque. 

Additional important features of these new devices are: a minimum alpha cut- 
off frequency of 4 Mc/s, collector voltages of 60 for the 2S017 and 100 for the 28018, 
and a maximum storage temperature of 200°C. 


Circuit design information on these and other Texas power transistors is provided 
in our Application Report on servo amplifier design. 


TEXAS INSTRUMENTS LIMITED 


Pioneers of Semiconductors 


DALLAS ROAD, BEDFORD. TEL: BEDFORD 68051 CABLES: TEXINLIM BEDFORD 


FERRANTI DUNDEE | 
offer a wide range of 
Microwave Components 


Ferrite Devices and Materials 
Broad Band T.R. Cells 
Tuneable T.R. Cells 


Magnetrons 


Noise Sources 


eee OOOO) 
ox eesce® OO Pe" OOO ote? OR 
Peaganee : 


Waveguide Windows 


-.°,.°%,% 
~.0, © 0707070"0'0'0°0°070°0'0-070 000" 
0° 0° 0°00 'e 
505050) 
e 
'e 
Meare 


<.7,.0. © 0°00 008 CCCCOC® 
. Oooo toto te tote tect ote te terete”, 


Please write for further details to:- 


FERRANTI LTD - KINGS CROSS ROAD - DUNDEE 
Telephone. DUNDEE 87141 
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cece een cecescceeccccccescccs 

Poo teeccccceccccccccccscccees 

REO IIDP SOC EC COO ISIN TILK LIL EPC SMMC NES ee aeee eee eee eee TS 
Pee eee eee ereeccccecsenseseccsseccsccssensesssccseosstocteeseeees 


TYPICAL COLLECTOR CHARACTERISTIC :: 
SATURATION REGION 3 

SB 240 SURFACE BARRIER TRANSISTOR :: 
GROUNDED EMITTER 33 


SPP S10 
: 
: £ 
ee 
re 
. i 
1G 
: UV s 9 
< eae what does this mean: 
a5 | mae | 
_- » 
oe" ae Syrssa : 
: XS p= — 100A] 2: 
= a 
se 0 ayes 20 30 CONTROLLED CHARACTERISTICS 


(—) V¢(COLLECTOR VOLTAGE)-VOLTS:: 
SHOT EHHOEEHOO HEHEHE EEERE EEE HEHE OREO EEE ESOS EE EEE EE EEE HOES : £ On . condition Point A Ic <s —2mA Vee = 70mV 
SISIS2oSoosessecsecssssggesestisssessesesssessesceccesscesceeseeseegteesseeeresee Point B Ic= —8mA Vce <—100mV 
“Off” condition Point C Vbe=—100mV Ic <— 150uA 
High Frequency current gain hfe > 5 at 4 Mc/s 
Hole Storage factor K’s < 120 millimicroseconds 


These two superimposed curves of the Semiconductors SB 240 transistor mean that over 75% of 
computer components are no longer necessary. 

The collector saturation voltage of the SB 240 is low enough to turn off the base current in the succeeding 
stage with direct connection—eliminating coupling capacitors, bias resistors and decoupling capacitors, 
and power supplies for bias purposes. These two bistable circuits indicate the possible simplification. 


The unparalleled performance of the SB 240 in high speed 
switching circuits is due to the control of saturation voltage, input 
characteristic, high frequency current gain and hole storage 
factor. Experience in America indicates that these Surface 
Barrier Transistors are making possible a new order of Computer 
reliability, the direct result of the automatic equipment and ideal 
environmental conditions used by Philco —and also by Semi- 
conductors Limited —in manufacture. 


OTHER Semiconductors TYPE SB 240 
SWITCHING TRANSISTORS —lav _I2v 


SB 344 

SB 345 
30 Mc/s Surface Barrier Transistors for 
use. in less exacting applications than 
the SB 240. 


N393 
40 Mc/s high gain Micro-Alloy Tran- 
sistor particularly useful for driving a 
large number of parallel loads. 

2N501 
250 Mc/s Micro-Alloy Diffused Tran- 


sistor for use when rise, fall and storage 
times of the order of 10 millimicro- 
seconds are required. 


Somiconductors linited (y= 


SWINDON, WILTS 
TELEPHONE: SWINDON 6421/2 


Full technical data on the application of the SB 240 to high speed 
computer circuits are available on request. 


scs 
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Comb Relay. 
This is our latest development in relays and will give 100 
million operations without the need for readjustment. 
_ Long life and reliability have led to its adoption by the 


British Post Office for use where continuous pulsing is 
required. A wide range of contact combinations is avail- 
able with a maximum of 10 make or 10 break actions. It is 
suitable for switching light currents at 250 v. 


> 


a ] i 


outstanding 


RELAYS 


These relays are 
available for early delivery ; 
your enquiries are welcomed. 


BPO: 
3000 Type. 


Now so widely known and used 
all over the world, this versatile 
general purpose relay was de- 
signed by us in the early thirties 
for the British Post Office. Many 
millions are now in use in both 
telephone and industrial ap- 
plications. It is available in 
an extremely wide range of 
coil resistances and spring 
set combinations for prac- 
tically all normal voltages 
and frequencies. 


High Speed 
Relay. 


Originally developed for use in fast tele- 
phone switching circuits, this high speed 
relay is of great value in automation sys- 
tems. It can effect a single changeover 
action in as little as 1°5 milliseconds. A 
high speed relay is also available with two 
changeover actions. 


oe SIEMENS EDISON SWAN LTD. 
a An A.E.]. Company 


X Woolwich, London, S.E.18 


\Y 
\ 


Telephone: Woolwich 2020 Extn. 621 
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CATHODE O Nel curceacenswires 


Specialists in Frequency Control 


... NOW introduce a range of Thermostatically Controlled Ovens 
specially designed to accommodate crystal units of all types. 
These ovens can also be used at lower temperature settings 
for electronic devices which are sensitive to ambient tempera- 


ture changes such as transistors, diodes, etc. 


“BR”? SERIES THERMOSTATICALLY CONTROLLED OVEN 


B1. Bridge Controlled Circuit. Temperature Stability -+0.01°C. 
B2. Contact Thermometer Controlled - - +0.1° C. 
B3. Bi-metal Thermostat Controlled * "A +1° C. 


All available in a wide range of temperature settings. 


' CATHODEON CRYSTALS LIMITED 
: LINTON CAMBRIDGESHIRE | 


TELEPHONE LINTON 501 (3 lines)’ 


le 
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MUTUAL & SELF INDUCTANCE BRIDGE 


RSS 


Designed for the accurate measurement of either mutual or self 
inductance and resistance in the range 0:00!4H to 30mH and 
100Q to 3000Q respectively. 

All measurements are made in the form of a four-terminal 
network and inductance and resistance of leads and clips are not 
included in the measurement. 


Accuracy within + 1% frequency 1592c/s (w = 10 000) 


Full technical information on this and other ‘ Cintel’ Bridges is 
available on request. 


TELEVISION LTD © 


A COMPANY WITHIN THE RANK ORGANISATION CoM tT Ep 


WORSLEY BRIDGE ROAD +: LONDON -: = §,E.26 
HITHER GREEN 4600 


SALES AND SERVICING AGENTS 

Hawnt & Co. Ltd., 59 Moor St. Birmingham 4 

Atkins, Robertson & Whiteford Ltd., Industrial Estate, Thornliebank, Glasgow 
McKellen Automation Ltd., 122 Seymour Grove, Old Trafford, Manchester 16 
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Marconi in Television 


18 countries rely on Marconi Television 


Transmitting or Studio Equipment 


MARCONI 


COMPLETE TELEVISION SYSTEMS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 
M4 
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Measuring Modulation? 


MODULATION 
~ METER 


® percentage modulation of amplitude 
modulated signals 


® peak deviation of frequency 
modulated signals 


THE MODULATION METER Type 210 


may be used to measure the percentage modulation of 
amplitude modulated signals and the peak deviation of 
frequency modulated signals in the carrier frequency 
range 2:25 Mc/s to 300 Mc/s. 


Outputs at the intermediate frequency of 750 kc/s and 
at low frequency are available from terminals on the 
front panel. These outputs enable the modulated envelope 
of the input signal and the demodulated signals to be 
observed on an oscilloscope. 


The limiting action of the instrument is so effective 
that it can be used to measure spurious frequency 
modulation occurring on amplitude modulated signals. 
Furthermore, changes of mean carrier level when 
amplitude modulation is applied can be measured to an 
accuracy of better than +1 %. 


Simplicity of Operation 

One of the most attractive features of the instrument is its simplicity 
of operation. The tuning control is adjusted until a meter reading is 
obtained, and the input attenuator adjusted for full scale deflection. 
It is then only necessary to switch to the A.M. or one of the F.M. 
positions to obtain a direct reading of modulation. 


Statistics of Airmec Modulation Meter 


* Frequency range . . . 2:25 to 300 Mc/s in 7 bands (up to 
600 Mc/s with reduced sensitivity) 
* Input level . . . A.M. 7-700 mV 


F.M. 7 mV-10 V (3 ke/s—100 ke/s) 
50 mV-10 V (0-3 ke/s) 
* Modulation Frequency range 30 c/s—15 kc/s 
* A.M. range > a oF 6 UWEIUOYA seat, 


* F.M. range 5 6 4 6 CSICDI oR Es, 
DELIVERY—EX STOCK 


AM/FM Modulation 
Meter Type 210 


AIRMEC LIMITED - HIGH WYCOMBE - BUCKS 
Telephone: High Wycombe 2060 


RICHARD JOHNSON & NEPH 


EW 


LIMITED, MANCHESTER 11 


Tel. EAST 14: 
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Permanent Advi 
Advisory | 
Magnets ; ee: 
Service 


MULLARD 


There are two types of demagnetisation 
normally associated with permanent magnets. 
The first can be considered the controlled or 
precision reduction of the field for adjustment 
or stabilisation purposes. The second is the 
complete demagnetisation of the magnet to 
facilitate handling and assembly, and the 
avoidance of collecting magnetic particles. 
Providing the magnets are relatively small— 
that is—not exceeding about 2 lb. in weight, 
both methods of demagnetisation can con- 
veniently be used with normal 50 c.p.s. power 
supply. 

The first type of demagnetisation can be 
achieved in an accurately controllable a.c. 
field, usually by putting the magnet assembly 
into an air cored coil and controlling the a.c. 
supply by means of a variable transformer. 
If a very fine control is required for precision 
adjustment, a series choke with a movable 
iron core can be used to give infinitely fine 
adjustment of the field. 

The second type of demagnetisation can be 
carried out in a similar manner, except that 
considerably more power is used. Generally 
it is found most convenient to connect the 
power supply direct to the coil and to move 
the magnetised magnets fairly slowly through 
the coil. Although theoretically, a field of 1,200 
oersteds is sufficient for ‘Ticonal’ magnets, 
due to the screening effect of associated iron 
circuits the effectiveness of the field is con- 
siderably reduced, and the exact field require- 
ments for this process cannot easily be 
calculated. The quickest method of finding the 
actual field requirements and current neces- 
sary, is by experimentation. 

For ‘Magnadur’ magnets a demagnetising 
field in the region of 6,000 oersteds is necessary. 
An alternative method is to raise the tempera- 
ture of the whole magnet past the curie point 
which is approximately 450°C., care should be 
taken to keep the temperature gradient small 
to avoid fracture of the magnet due to thermal 
expansion. 


ewewenw wee weer ee eee eee ew ee we 


Mullard 
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Demagnetisation 


Advertisements in this series deal with general design 
considerations. If you require more specific inform- 
ation on the use of permanent magnets, please send 
your enquiry to the address below, mentioning the 
Design Advisory Service. 


The demagnetisation of large magnets some- 
times necessitates the use of lower frequency 
than 50 c.p.s. but as large magnets constitute 
unusual or special cases for which general 
instructions cannot easily be given, we would 
recommend engineers request assistance from 
our Design Advisory Service if they meet any 
unexpected difficulty. 


0054 
5058, 


RRR 
RXR 
imegececonene 
metecetetet 
OO OOO 
Metetecetet 


Typical Air Cooled Demagnetising Coil 


Technical details of coil: 

Four sections each consisting of 75 turns of 
12 s.w.g. D.C.C. wire arranged as shown and 
connected in series. 

Supply: 

400 volts 50 c.p.s. at 25 amps approx. 


ELECTRONIC COMPUTER 
EXHIBITION 


Noy. 2&th—Dec. 4th 


OLYMPIA - STAND 2 


[Ws be Na =e ar, COMPONENT DIVISION, 


MULLARD 


NV sites 


MC 269 


HOUSE, TORRINGTON PLAGE; 
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Wire for 
electrical progress 


Lewmex or Lewkanex, Lewcosol or Lewco- 
glass—just a few of the ‘LEWCOS’ 

range of insulated wires designed to meet 
every need or application in the electrical 


industry, backed by intensive research 


and a first class technical service. 


* 


LEwcos 


THE LONDON ELECTRIC WIRE COMPANY AND SMITHS LIMITED 


LEYTON »- LONDON : Ero 


the largest manufacturers of 
insulated wires and strips in Europe 


AIDCOLRB, 


(Regd. rade Mark) 


ILLUS- 
TRATED 


PROTECTIVE 
SHIELD 
(CAT. No. 68) 


4 in. BIT 
MODEL 
(CAT. No. 70) 

Primarily 
developed for 
the 


TRANSISTOR & 
ELECTRONIC 
ERA. 


Possessing the 
sharp heat 
essential for the 
quick jointing 

of Transistors, 
Resistors, etc., 
thereby avoiding 
damage to the 
equipment from 
heat transference 


Soldering 
Instruments 


Cover all requirements 

for thorough solder 

jointing in all the fields 

of 

TELECOM- 
MUNICATIONS 


Fully Insulated 
Elements 


Suited to daily use for 
bench line production 


MANUFACTURED 
IN ALL VOLT 
RANGES 


British and Foreign Pats. 
Reg. designs, etc. 


For further information 
apply Head Office: 
ADCOLA 
PRODUCTS LTD. 
GAUDEN ROAD 
CLAPHAM 

HIGH STREET 
LONDON, S.W.4 


Tel.: MACaulay 4272 
& 3101 


THE INSTITUTION OF ELECTRICAL ENGINEERS 


presents 


THE 
INQUIRING MIND 


a film outlining the opportunities for a career 


in the field of electrical engineering 


Producer: Oswald Skilbeck Director: Seafield Head 
Commentator: Edward Chapman 


Copies of the film may be obtained on loan by schools 
and other organisations for showing to audiences of 
boys and girls or others interested in a professional 
career in electrical engineering. The film is available in 
either 35mm or 16mm sound, and the running time is 
30 min. 


Application should be made to 


THE SECRETARY 


THE INSTITUTION OF BLECTRICAL ENGINEERS 
SAVOY PLACE, LONDON, w.c.2 
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~ Communications by 
Submarine Cable 


The laying of the trans-Atlantic telephone cable in 1956 ranks as one ot the most important 
engineering feats in the history of telecommunications. Previously undersea communication had 
been limited to telegraph services and telephone facilities over relatively short distances. 
Amplification was the major obstacle—the problem of maintaining telephone signals at intelligible 
strength. This problem could only be’ solved by the use ot repeaters spliced into the cable, and 
capable of working for many years unattended on the sea bed. On the important Nova Scotia — 
Newfoundland section of the trans-Atlantic cable, seventeen STC repeaters are used. 

For over 30 years STC has taken the lead in the development of undersea communication 
equipment and techniques, and as the company celebrates its 75th. anniversary the latest important 
assignment has just been completed. This is the Anglo-Belgian Submarine Telephone Cable Scheme 
—a 55 nautical mile link that interconnects the national telephone networks of the two countries. 

It is significant that this was the first time that one company had been entrusted with the 
manufacture of the undersea cable and submerged repeaters, as well as terminal equipment... a 
high tribute to the experience and unique resources of one of the Commonwealth’s greatest 


telecommunications organisations. 


Ge Standard Telephones and Cables Limited 


TELECOMMUNICATION ENGINEERS 
Smet eo USE © ALDWYCH =~ *LONDON = WeCrZ 


CAIRO < DUBLIN : JOHANNESBURG : KARACHI 3 NEW DELHI : SALISBURY 
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VARIACS 
for S-M-O-O-T-H 
Voltage Control 


‘VARIAC’ is the original, continuously adjustable auto- 
transformer—and the only one having ‘DURATRAK’, a 
specially treated track surface. For varying the a-c voltage 
applied to any electrical, electronic, radar or communications 
equipment a ‘VARIAC’ offers considerable advantages over 
any other type of a-c control—it has longer life, absolute 
reliability, much increased overload capacity, resistance to 
accidental short-circuits and appreciably greater economy 
in maintenance. Voltages from zero to 17% above line are 
obtained by a 320° rotation of the shaft, which is equipped 
with an accurately calibrated direct-reading dial. Available 
in various sizes from 170 VA up to 25 kilowatts, including 
3-gang assemblies for 3-phase working, ‘VARIACS” are 
competitively priced, and, compared with the losses of resis- 
tive controls often save their initial cost within a year. 


Most “VARIACS” are now MUCH REDUCED IN 
PRICE: send for our new, profusely illustrated Catalogue 
424-UK/16, which gives complete information on the 
entire range. HUNDREDS. of models—all available 
promptly — most EX STOCK. 


Cd, 
Blande ff: On Lid 76 Oldhall Street, Liverpool, 3, Lancs. Telephone: Central 3641 
| D 9 * Valley Works, Hoddesdon, Herts. Telephone: Hoddesdon 3007-8-9 


ZENITH 


(REGD. TRADE-MARK) 


TUBULAR SLIDING bistrccsee, 


Motor Alternator Set 
RESISTANCES pore ee 
| 400 c.p.s. 3000 *.p.m. 


Zenith _Resistances 


CL3! 


of proved durability 
are in constant satis- 
factory use in all 
parts of the world. 
They are available in 
a great variety of 
types and sizes, and 
are ideal for use in 
laboratories and test 


rooms, A leaflet giving full particulars 


will be sent on request. 


Iustrated catalogue of all 
types free on request 


The ZENITH ELECTRIC CO. Ltd. 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 


Telephone: WILlesden 6581~5 Telegrams : Voltaohm, Norphone, London ALFRETON ROA D, DERB 
MANUFACTURERS OF ELECTRICAL EQUIPMENT PHONE: DERBY 47676 (4 LINES) GRAMS: DYNAMO 

: , DERE 

(INCLUDING RADIO AND TELEVISION COMPONENTS London Office: IMPERIAL BUILDINGS, 56 KINGSWAY W.C 


ae 


( XXxvil ) 1L.E.E, PROCEEDINGS, PART B—ADVERTISEMENTS 


e In al] Massicore transformers, however complicated or 

Complicated simple, the essential ingredient is. the same—con- 

scientious craftsmanship. Massicore transformers are 

or built to last a lifetime. Equally important is the 

individual attention given to all enquiries and orders 

regardless of size; and we make a point of keeping our 
delivery promises. 


simple 


On the left (with an internal view 
shown beneath) is a three-phase power 
transformer with six channels per 
phase. Each channel has tappings to 
enable any voltage up to 180 to be 
selected in 5-volt steps. Maximum 
loading per channel—5 amps. 

And above, less complicated but 
equally well made, is a three-phase 
H.T. transformer, delta-connected 
primary, star-connected secondary. 
Secondary 4300 v. 6 kVA. rating. 
Your requirements may call for 
instruments very different from these 
examples. Please take advantage of 
our experience, knowledge and con- 
structional skill in the production of 
all types of transformers. 


Corner for Contented Customers 


“I am writing to express my congratulations to 

you on the success of the Spark Gap Transformer 
which you made recently. The transformer, as I 
indicated over the ’phone, is functioning excellently and 
I do feel that your basis of design appears 


to be superior... .” 
C.E.T. BERKSHIRE 


Cel 


IIT We 


TP/57 


SAVAGE TRANSFORMERS LIMITED. Devizes, Wiltshire. Tel: Devizes 952 
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. when heat is the problem 


British Oxygen fit their 
Argon-arc welding torches with 
SINTOX Ceramic Shields, 
having proved that SINTOX 
successfully withstands the 
thermal stresses imposed by the 
process. SINTOX 

is in the forefront of 


industrial development. 
RIGHT Air-cooled Torch. For currents 
up to 100 amps. 


LEFT Water-cooled Torch. Maximum 
current capacity 350 amps. 


...the unfailing answer is 


Sintox Technical Advisory Service 


This service is freely available without obligation to those requiring 
technical advice on the application of Sintox Industrial Ceramics. Please 
write for booklet or any information required enclosing blue print if 
available. 


INDUSTRIAL CERAMIC 


SINTOX IS MANUFACTURED BY LODGE PLUGS LTD., RUGBY (3) 


THE JOURNAL OF 


The British 
Nuclear knergy Conference 


The Institution of Civil Engineers The Institution of Mechanical Engineers 
The Institution of Electrical Engineers The Institute of Physics 
The Institution of Chemical Engineers The Institute of Metals 
The Iron and Steel Institute The Institute of Fuel 
The Joint Panel on Nuclear Marine Propulsion 


amass (} 
PUBLISHED JANUARY, APRIL, JULY, OCTOBER 


The Journal contains Papers and discussions on the applications 
of nuclear energy and ancillary subjects 


ANNUAL SUBSCRIPTIONS: 
MEMBERS 30/- post free 
NON-MEMBERS 60/- post free 


Full particulars are available from 


The Secretary * B.N.E.C. * 1-7 Great George Street * London * SW1 
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and TRANSMITTER/RECEIVER OUTPUT TEST SET TF 1065 


These two compact, portable units together provide full testing 
facilities for fm. and a.m. mobile radio telephone sets. The 
range of tests which can be made is extremely comprehensive 
and for receivers includes sensitivity, bandwidth, signal-to-noise 
ratio, image rejection, discriminator symmetry, and a.f. power 
output. For transmitters, p.a. tuning, r.f. power output, and 
deviation can all be checked. If you would like further details 
of these versatile instruments, please write for Leaflets K 138. 


AM & FM SIGNAL GENERATORS + AUDIO & VIDEO OSCILLATORS 
FREQUENCY METERS + VOLTMETERS + POWER METERS 
DISTORTION METERS . FIELD STRENGTH METERS 
TRANSMISSION MONITORS . DEVIATION METERS 
OSCILLOSCOPES, SPECTRUM & RESPONSE ANALYSERS 
Q METERS & BRIDGES 


MARCONI INSTRUMENTS LTD - ST. ALBANS - HERTFORDSHIRE - TELEPHONE ST. ALBANS 56161 


London and the South; Marconi House, Strand, London, W.C.2. Tel: COVent Garden 1234. Midlands: Marconi House, 24 The Parade, Leamington Spa. Tel: 1408 


North; 23/25 Station Square, Harrogate, Tel: 67455, TC 138 
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Publications of 


THE INSTITUTION OF ELECTRICAL ENGINEERS 


Journal of The Institution—Monthly 
Proceedings of The Institution 


Part A (Power Engineering)—Alternate Months 
Part B (Radio and Electronic Engineering—including Communication Engineering)— 
Alternate Months 
Part C (Institution Monographs)—In collected form twice a year 


Special Issues 


VoL. 94 (1947) Part IIA (Convention on Automatic Regulators and Servomechanisms) 
VoL. 94 (1947) Part IIIA (Convention on Radiocommunication) 
Vot. 97 (1950) PART IA (Convention on Electric Railway Traction) 
Vo. 99 (1952) Part IIIA (Convention on the British Contribution to Television) 
VoL. 100 (1953) PART IIA (Symposium of Papers on Insulating Materials) 
Heaviside Centenary Volume (1950) 
Thermionic Valves: the First 50 years (1955) 
VoL. 103 (1956) PART B SuppLeMENTS 1-3 (Convention on Digital-Computer Techniques) 
Vot. 103 (1956) Part A Supplement 1 (Convention on Electrical Equipment for Aircraft) | 
VoL. 104 (1957) PART B SuppLeEMENT 4 (Symposium on the Transatlantic Telephone Cable) 
VoL. 104 (1957) PART B SuPPLEMENTS 5-7 (Convention on Ferrites) 
VoL. 105 (1958) PART B Supplement 8 (Symposium on Long Distance Propagation above 30 Mc/s) 
VoL. 105 (1958) PArT B Supplement 9 (Convention on Radio Aids to Aeronautical and 
Marine Navigation) 


* 
PROCEEDINGS - Paper and Reprint Service 


PAPERS READ AT MEETINGS 
Papers accepted for reading at Institution meetings and subsequent republication in the Proceedings 
are published individually without delay, free of charge. Titles are announced in the Journal of The 
Institution, and abstracts are published in Science Abstracts. 


REPRINTS 
After publication in the Proceedings all Papers are available as Reprints, price 2s. (post free). The Reprint 
contains the text of the Paper in its final form, together with the Discussion, if any. Those who obtain 
a copy of a Paper published individually—if they do not take the Part of the Proceedings in which it will be 
republished—are urged to apply in due course for a Reprint, as this is the final and correct version. 


CONVENTION PAPERS 
Papers accepted for presentation at a Convention or Symposium, and subsequent republication as a 
Supplement to the appropriate part of the Proceedings, are published shortly before the Convention, but 
are usually available only in sets. No Reprints are available. 
MONOGRAPHS 
Institution Monographs (on subjects of importance to a limited number of readers) are available separately, 


price 2s, (post free). Titles are announced in the Journal and abstracts are published in Science Abstracts. 
The Monographs are collected together and republished twice a year as Part C of the Proceedings. 


An application for a Paper, Reprint or Monograph should quote the author’s name and the serial 
number of the Paper or Monograph, and should be accompanied by a remittance where appropriate. For 
convenience in making payments, books of five vouchers, price 10s., can be supplied. 


SCIENCE ABSTRACTS 


Published monthly in two sections 
SECTION A: Physics 
SECTION B: Electrical Engineering 


Prices of the above publications on application to the Secretary 
of The Institution, Savoy Place, W.C.2. 
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EDISWAN Transistor news 
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Fdiswan Mazda transistors are currently used in a wide range of electronic 
equipment. Get the facts about them at your finger tips—if you have not already 
applied for a complete set of Ediswan Mazda semiconductor Technical Data 
Sheets, we suggest that you do so now on your company’s letter heading. 


A SYMMETRICAL 
TRANSISTOR 
FOR SWITCHING 
CIRCUITS AND 
MODULATORS 


The new Ediswan Mazda 
XS101 transistor has two 
identical ‘P’ type germanium 
electrodes ; with appropriate 
bias conditions either will act 
as emitter with the other 

as collector. The average 
characteristics for the two 
conditions are identical. 
*The new XSIOI transistors 
can now be supplied, against 
order, for evaluation purposes. 


INCREASED 
RATINGS FOR 
EDISWAN MAZDA 
TRANSISTORS 

The table on the right 

shows the increased 


ratings (absolute at 45°C.) 
which now apply. 


SIEMENS EDISON SWAN LIMITED, 


SYMMETRICAL TRANSISTOR TYPE XS 10! 
TENTATIVE RATINGS. Absolute values for 45°C. ambient 
Maximum mean or peak collector/emitter voltage (with 


base maintained at least 1 v. positive with respect to the 


positive end of the emitter supply battery) 


Maximum mean or peak collector/emitter voltage 
(conducting) 

Maximum mean or peak collector to base voltage . 
Maximum collector dissipation 

Maximum junction temperature . 


Thermal resistance in free air 


TENTATIVE CHARACTERISTICS at 25°C. 

*Common base cut-off frequency (minimum) : . Mc/s 
*Average Current Amplification. Common Emitter 
(Degree of asymmetry, 1.5 to 1) . 


* Small signal values at Ve=—SV., lL=—ImA. 


TRANSISTOR TYPE XC 10! 
Maximum peak or mean she sepals! pees icommney 
emitter circuit) . : : 

Maximum peak collector to emitter voitave with base driven to cut 
off (common emitter circuit) with external base/emitter circuit 
resistance less than 500 ohms 

Maximum peak or mean Belientbu/base holies (commen base 
circuit) : i 

Maximum junction temperature . 

TRANSISTOR TYPES XB 102 AND XB 103 

Maximum peak or mean collector/emitter voltage (Common emitter 
circuit) , : 

Maximum peak collector to emitter rolinee with bake anven to cut 
off (common emitter circuit) with external base/emitter circuit 
resistance less than 500 ohms 

Maximum peak or mean collector/base cence (oRnoA base 


circuit) 

TRANSISTOR TYPES XA 10! AND XA 102 

Maximum peak or mean collector/emitter voltage (common emitter 
circuit) . ; ‘ : 
Maximum peak or mean eiaonibase “hes (cominen base 
circuit) 


An A.E.I, Company 


Valve and CRT Division, 155 Charing Cross Road, London We elie 


°C/mW 


0.33 


crc 15/16 


The new type BTH Germanium Point Contact Rectifiers — 


Only } in. long, yet their miniature sizeis | @ HIGH TEMPERATURE STABILITY 


combined with high performance and 
complete dependability! They offer the @ ABILITY TO WITHSTAND TROPICAL CONDITIONS 


following outstanding characteristics : e SMALLER DIMENSIONS e VERY LONG LIFE 


RATINGS : CONTINUOUS OPERATION AT 25°C. (77°F.) 


PEAK INVERSE 
VOLTAGEt 
Vv 


MAX. INPUT 
CURRENT 
mA 


MAX. RESISTANCE 
at + | vole 
ohms 


MIN. RESISTANCE 
at — 50 volts 
kilohms 


CV 448* 


CG4I-H 

CG42-H 1,000 
CG44-H 500 
CG50-H 200 


*Type CV 448 has been granted ‘type approval’. +Corresponds to |:2 mA inverse current. 


BRITISH THOMSON-HOUSTON 


THE BRITISH THOMSON-HOUSTON CO-LTD-LINCOLN: ENGLAND 


an A.E.|. Company 


A 5162 
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PHILIPS | 


among technicians, manufacturers and those 
engaged in the sale of electrical products — as 
well as among the public at large, the Philips 
emblem is accepted throughout the World as 


a symbol of quality and dependability. 


PHILIPS ELECTRICAL LTD 


Century House - Shaftesbury Avenue - London - WC2 


- Tungsten, Fluorescent, Blended and Discharge Lamps & Lighting Equipment «* ‘Philishave’ 
High Frequency Heating Generators ° X-ray Equipment for all purposes - Electro-Medical Apparatus * Heat Therapy Apparatus 


Re io & Television Receivers - Radiograms & Record Players ° Gramophone Records 


= tric Dry Shavers + ‘Photoflux’ Flashbulbs 
‘Ar & Resistance Welding Plant and Electrodes - 
Pr Sectors - Tape Recorders « Health Lamps « Hearing Aids - 


Electronic Measuring Instruments - Magnetic Filters + Battery Chargers and Rectifiers - Sound Amplifying Installatiens - Cinema 


Electrically Heated Blankets 
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DAYLIGHT 

DIRECT-VIEWING 

STORAGE TUBE \ 
E702 


The E7o2 direct-viewing storage tube has \ 
electrostatic deflection and a useful screen 

diameter of 4 inches. The image on the screen 
persists without deterioration for one to two 
minutes, and is visible for periods up to ten| | 
minutes. It can be completely erased in 30 milli- 
seconds by a small positive pulse applied to the 
backing electrode. Controlled persistence for longer 
periods can be obtained by varying the duration 


y 


of shorter repetitive pulses. 


Full technical details are available in 
our publication No. E.1, which can be 


obtained post free on request. y 


I 


‘ENGLISH ELECTRIC VALVE C0, LTD. Talon ee 


Ml M)) 
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A NOVEL, HIGH-ACCURACY CIRCUIT FOR THE MEASUREMENT OF 
IMPEDANCE IN THE A.F., R.F. AND V.H.F. RANGES 


By D. KARO, Dr.Eng., Ph.D., Dipl.Eng., Associate Member. 
(The paper was first received 15th February, and in revised form 3rd April, 1958.) 


SUMMARY 


| The paper describes a high-accuracy measuring circuit suitable for 
wequencies from S0c/s to v.h.f. 

_ There are two branches in the circuit, one of which contains the 
jiaknown impedance. The two branches are fed in phase opposition 
‘rom the secondaries of two mutual inductors or two transformers. 

| Due to the feeding in opposition of the two branches, the transfer 
(mpedances are very simple, no negative real terms are present and no 
more than two variable standards are required for balance. The 
valance equations in the majority of cases do not contain the term 
» (angular frequency), the frequency need not therefore be known very 
pactcly and the calculations are simple. 

Furthermore, at balance, the detector, source and all the circuit 

domponents except one have one terminal connected to earth. The 
»otentials are therefore fixed and most of the capacitances to earth 
ire eliminated ; those that remain shunt one secondary and the standard 
» one branch of the circuit and can easily be determined or otherwise 
‘aken into account in the calculations. 
_ Tests have been made over a wide range of resistance, inductance 
ind capacitance between 100c/s and 50Mc/s. The error varied, 
_ccording to the standards and the frequency used between +0-001% 
(nd +0-01%, 


(1) INTRODUCTION 


The most serious disadvantages of the shunted-T circuits, 
vhether simple or modified wide-range* are the presence of the 
erm w* (angular frequency) in the balance equations and the 
lumber of standards which have to be adjusted for balance. 
The presence of the term w? requires that the frequency of the 
‘ource be not only stable, but also known very accurately, whilst 
he large number of standards increases the possible error of 
‘easurement and also makes the manipulation more difficult. 
_ The reason for the existence of these disadvantages is fairly 
‘evious: as the currents from shunt and T flowing into the 
‘efector must be equal and in opposition, and as both shunt 
‘Karo, D.: ‘A Modified Wide-Range Shunted-T Circuit for the Measurement of 


my podance in the A.F., R.F., and V.H.F. Ranges’, Proceedings I.E.E., Paper No. 
" 'M, January, 1953 (100, Part III, p. 25). 


i. ritten contributions on papers Soblished without being read at meetings are 
ved for consideration with a view to publication. 

+: . Karo is in the Electrical Engineering Department, College of Technology, 
iy cingham, 


. 105, Part B, No. 24, 
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and T are fed in phase from the source, a fairly complicated 
network, namely the T, is required. 

The T must constitute an effective transfer impedance, equal 
and of opposite sign to that of the shunt (or the transfer impe- 
dance of shunting T)—hence the presence of the term w2 in the 
balance equations and the necessity for more than two variable 
standards. 

A circuit could, however, be arranged consisting of two simple 
branches, one in lieu of the shunt and the other in lieu of the T, 
fed in opposition by means of transformers or mutual induc- 
tances. The two branches could then be composed of impe- 
dances of the same nature and could consist simply of a resistance: 
and inductance or resistance and capacitance. The transfer 
impedances being very much simpler, the term w? could be made 
to disappear from most balance equations, and at the most two 
variable standards would be required. 


(2) BASIC CIRCUIT AND PRINCIPLE OF THE NOVEL 
METHOD OF MEASUREMENT 

The measuring circuits described below, which could be named 
shunted-L circuits, are fed from the secondaries of two mutual 
inductors or two small Permalloy-core transformers (similar to 
those used in admittance bridges*), according to the frequency, 
the primaries or primary being connected to the source. 

There are two branches containing standards: one is fed from 
one secondary, the other from the two secondaries, these being 
either in phase or in opposition. 

One terminal of the detector is connected to the junction point 
of the two branches and the other to the return of one secondary; 
this return wire is earthed, together with one terminal of the 
source. At balance, therefore, the detector, source and all the 
circuit components except one have one terminal connected to 
earth. 

The potentials are therefore fixed, and most of the capacitances 
to earth are eliminated; those earth capacitances that remain 
shunt one secondary and the standard in one branch of the 
circuit, and can be easily determined or otherwise taken into 
account in the calculations. 

The earth capacitance that does remain in the other branch 


* Kirke, H. L.: Chairman’s Address to Radio Section, Journal I.E.E. 1945, 92, 


Part III, p. 2. 
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Fig. 2.—Basic circuit with two mutual inductors, or two transformers, 
having a common primary winding. 


is of no consequence since it does not appear in the balance 
equation. The basic circuit is shown in Figs. 1 and 2. 

Two mutual inductances or a mutual inductance with two 
secondaries, or a special transformer with two secondaries, are 
used. In the case of two separate mutual inductances the 
primaries are identical. 

The primary or primaries are connected across the source, the 
secondaries feed the two branches containing Z,; and Z,. The 
impedances of the secondaries are Z; and Z,, say. 


At balance, 7; = — I. Hence 
jMwol, — Zit, — Zt, = — Zp, (1) 
jJMol, = 23h, = Zh, = ZI; 
Therefore 
M, 2,—2,;—2, M,-—M 
— - LE: — 
M 2, > M 2 ZZ) (2) 
or in the case of Fig. 2, 
N, —N 
Loe SOREN Ay fy He ee 


N 


N, and N are the effective or corrected numbers of turns in 
the secondaries. 

As the source and the detector have one terminal connected 
to earth, so too do the impedances Z, and Z, at balance. The 
remaining earth capacitances are therefore as shown in Figs. 3 
and 4. 

The capacitances C, and C; alter the impedance Z;, and since 
Z, does not appear in the balance equations, they do not matter; 
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Fig. 3.—Earth capacitances in basic circuit with mutual inductors 
having a common primary winding. 


Fig. 4.—Earth capacitances in basic circuit with separate 
mutual inductors. 


the impedance Z, will therefore be the measured balane 
impedance whenever possible. 

The capacitances C, and C, shunt the impedance Z,. If 
is a capacitance standard it can be calibrated to include C, a 
C4, so that no error due to these earth capacitances would ari 

In Fig. 3 the capacitance C, is simply a shunt across the sow: 
and therefore does not interfere with the measurement. 
Fig. 4 the capacitance C, shunts the primary of M whilst 
shunts the source; in order to ensure, therefore, that the sa’ 
current J, flows through both primaries, a capacitance C3 = ( 
should be connected across M. 

The circuit can therefore finally be represented as in Fig. 5 


Fig. 5.—Basic circuit with sole relevant earth capacitance. 
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(3) ACTUAL MEASURING CIRCUITS 


(3.1) Measurements where the Earth Capacitances are 
Neglected 


3.1.1) Measurement of an Inductive Impedance. 
_ The circuit is shown in Fig. 6. 


4 


_ #ig. 6.—Circuit for the measurement of an inductive impedance. 


_ i,, R, is the unknown; L;, R; is a standard inductance. 
From eqn. (2), 


M, —M 
a (Re + jL,.w) — Rg JL4w Ry JLyw 
Hence, if M > M, (or N > N)), 
M 
R, ata, ae ita) 3 de M—M (Ly + La) 


_ The circuit can also be as in Fig. 7. 


| Fig, 7.—Circuit for the measurement of an inductive impedance. 


M,—M ; ; 
tere vam + jL.w) = — R, —jLyw — R, —jL,w 


M—M, 
Rye Ria 


M—Mi py 


that L,—-In =L, 


# M, is variable the circuit can be as shown in Fig. 8. 


tere pee OR + jL,w) = — Ry —jli4w — Rj 
M 
M M 
CoA = - r=) 2 SY fp 
hat see = um, +t R;); thr IW ha M, 4 


Ry 


Fig. 8.—Circuit for the measurement of an inductive impedance 
with the aid of a variable mutual inductor. 


Fig. 9.—Circuit for the measurement of a capacitive impedance. 


(3.1.2) Measurement of a Capacitive Impedance. 
The circuit is shown in Fig. 9. 


M,—M ae . j 
Here SA am (R> +jL,w) = — R4 = LA —s Ie, == Cre 
so that 
M—M, 1 M—M 
tea = R, = Ree Cw = M BA) Lyw 


(3.2) Measurements where the Capacitances to Earth are not 
Neglected 


(3.2.1) Measurement of a Capacitive Impedance. 
The circuit is shown in Fig. 10. Two balances are made. 
First balance.—C, is a loss-free capacitance standard calibrated 
to include the earth capacitance. 
Z ,is not connected. The balance equation is 
M—M, 1 
a Ry = Ry Ew = ee 
uM o 4; Lg Co (4) 
Second balance.—Z, connected in parallel with C; is con- 
sidered to be a loss-free capacitance C, in parallel with an 
equivalent resistance R,. Cy, is altered to C,;; and R, to Rp». 
The impedance of C, and Z,, is 


1 J 
(Ce + Cy ?w* Ry (C, te Ci )w 
In consequence 


M—M, a ae Lye et ee ee 
gee Ce Ci we, Ge ones 


[if (Ce + Giq)? wR > 1] 


Z; 
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(3.2.2) Measurement of an Inductive Impedance. 
The circuit is the same as shown in Fig. 10, Z, is now a 
impedance R, + jL,w. 


First balance.—Z,, is not connected. At balance, 
M—M, 

M Cyw 

Second balance.—Z,, is connected in parallel with C,, whick 


for balance, is altered to Cj,; Ro is altered to Rp. 
As L2w? > R2 the combined impedance of Z, and Cy, is 


tig — jL,o( LC yo” Sl 1) 
el = EC h@-yr 


R, = Ra L4w = 


Z, (Se 


Hence 


M,—M 
M 22 4 


=, jL4w 


RS jL,03 : 
Gd —L.Co Geek <a 

and, combining with eqn. (5), 
ate hai ne ae R)( ate = mo » 
The circuit for a second method of measuring an inductiy 
impedance is shown in Fig. 11. M or M, is variable, and c 


Fig. 10.—Circuit for the measurement of inductive or 
capacitive impedance. 


Hence, combining with eqn. (4), L, = 


1 M-—M, 


a ta 


R M — R)Cjw?; C, = Cy — CG 
x 


Table 1 
RESULTS OBTAINED BY MEANS OF THE CIRCUITS OF Fics. 7, 8 and 9 


Certified values 
Lz + 0-:005% 
Cz + 0:001% 
Rz +0-1% 


Method Frequency Result of test Standard deviation 


c/s 


Section 3.1.1, 100 Ly, = 49996-0 uH 49996-1 wH 1-1 4H 
Fig. 7 Ry = 15°89 15°89Q 0-005 Q 
500 Ly = 49996-2 uH 49996°3 uwH 1-0 vH 

Ry = 15°89 15-89 Q 0-006 Q 


= 49998-0 wH 


49998-2 WH 


15:90 


50004-2 wH 
15-90 


= 50004:0 nH 
= 15-90 


50058-2 »H 
15-920, 


100000 wH 2 
42:10Q 


Fig. 8 


Section 3.1.1, 


000-1 wH 
67Q 


1000-1 wH 
1-670 


Rx 


9996-0 wH 
5-89.Q 


49 996-0 wH 
15-890 


9996-2 wH 
5-89Q 


Rx 


9998-0 uwH 
5-902 


I ll 
— 


49 996-7 nH 
15-890 


49999-7 wWH 
15-90 


Fig. 9 


Section 3.1.2, 


Rx = 


Rx 


130.0 


0: 100042 WF 
0-300.Q 


0100026 pF 
0-125.Q 


Ry 


The discrepancies between the measured and certified values for 


the circuits of Figs. 7 and 9 are due to c (Fig. 5) altering the effective values of Ly and Cx. 


0-100021 uF 
0-063 Q 
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ote. 


Fig. 11.—Circuit for the measurement of an inductive impedance 
with the aid of a variable mutual inductor. 


is calibrated to include the relevant earth capacitances. At 
- balance, 


M,—M ; 
u (Rey Re an 
C\w 


M 
¥ ae) 
Cio? 


_@) THE EFFECTS OF THE IMPURITIES IN THE MUTUAL 
INDUCTANCES AND OF THE PHASE DEFECT IN THE 
TRANSFORMERS 


It is well known that, owing to imperfect insulation, eddy 
currents in wires and screens, inter-capacitances between primary 
_and secondary and capacitances to earth, the e.m.f. induced in 
the secondary of a mutual inductance is not in exact quadrature 
with the primary current. Arising from these effects there appears 


- Hence 
M M 
Cn ami Y Aabeiee Sty eae 


to be a component of the e.m.f. induced in the secondary of 
the mutual inductance which is in phase with the primary current, 
so that this e.m.f. is no longer j;MwJ, but ({Mw + oa). The 
mutual inductance is then said to be impure, o being the impurity. 

The impurity o, which is obviously a phase defect, can be 
positive or negative; it can be compensated so as to be small at 
the highest frequency used and negligible at lower frequencies 
since it diminishes somewhat faster than w2. 

Let the mutual inductances be compensated so as to have very 
small phase defects at the highest frequency used, and let them 
be nearly equal and of the same sign. The frequency defects 
will not matter provided that M and M, are known at the 
frequency used. 

If the impurities in M@ and M, are o and a, from eqn. (1), 


GMyw + oI p= —Z,K, + ZK + 24h 


(jMw + off, = — Zl 
Therefore, 
IMywwto _ -44+“4t+Z 
jiMw toa —L 
hence, 
M, — _ a 
2\M + oljw z,(47 5% ay 4 


The first term contains o/w, which is negligibly small even if 
o is only moderately small. The second term contains the 
difference between o and o, divided by approximately Mw; 
hence it is negligibly small. It may therefore be accepted that, 
with compensated mutual inductances, the error due to the 
impurities will be zero. 


| Method 


Section 3.2.1, 
Fig. 10 


RESULTS OBTAINED BY MEANS OF THE CIRCUIT OF FIGS. 10 AND 11 


Frequency 


Table 2 


Certified values 


c/s 


106 


Result of test 


202:2pF 
90 x 106Q 


400 pF 
70 x 106Q 


40 pF 
250 + 103Q 


Standard deviation 


80 pF 
200 x 1030 


Section 3.2.2, 
Fig. 10 


99-9 wH 
1-560 


200 nH 
2:20 


50 x 106 


1-98 uwH 
2:10 


3 WH 
2:75 


ieietion 3.2.2, 
Fig. 11 


1000 c/s 


49998 -0 nH 
15-900 


100 « 103 


500 wH 
1:03 Q 
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Writing jmNw and jmN,qw for the e.m.f.’s in the secondaries 
per unit current in the primary, and o and oj, which have the 
dimensions of resistance, for the phase defects, it is evident that 
by a similar calculation one obtains 


N, —N Be O sit 71.) 
= —f,— Z, 
22 ay aE ees E22 (Gane +o 3 i 


The same calculations apply, therefore, as for the mutual 
inductances. 


(5) EXPERIMENTAL VERIFICATION 


All the equipment used was certified by the N.P.L. for the 
manufacturers, and all necessary precautions were taken, the 
certification conditions and manufacturers’ indications being 
adhered to. The systematic errors—those arising from the 
limited accuracy of the components in the circuit—the read- 
ing errors, etc., were very small and generally the same 
as the certification limits. The impurities in the mutual 
inductances and transformers were very small at the highest 
frequency used and their effect was therefore negligible. 
Each test was repeated 20 times and the standard deviation was 
calculated. 

Table 1 shows some of the results obtained by means of the 
circuits of Figs. 7, 8 and 9. Table 2 shows some of those 
obtained by means of the circuits of Figs. 10 and 11. 


INSULATION 


SECONDARY 
WINDING CONNECTIONS 
TO SECONDARY 


COPPER 
CREEN 


it 
| 


i 
| 


- 
hi 
| HE 


i 
i 


veep, HHH 
“Hl 
k 


PRIMARY AIR-GAP 
WINDING IN SCREEN 


Fig. 12.—Cross-section of a transformer. 


(6) APPENDIX 


| 

In construction, the transformers are similar to those used in 
admittance bridges. | 
The core is toroidal of spiral-wound Mumetal tape, of mean) 
diameter 3cm. The primary winding, consisting of insulated 
thin copper tape, is wound on the core; core and primary ate 
surrounded by a thin copper shield as shown in Fig. 12. The 
secondary is wound on the copper screen and the whole trans- 
former is placed in a copper screening box. Tappings from the 
secondary are taken as shown in the diagram. 
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A SIMPLE 3cm Q-METER 


By A. E. BARRINGTON, Ph.D., B.Sc.(Eng.), Associate Member, and J. R. REES, Ph.D. 
(The paper was first received 29th April, and in revised form 5th August, 1958.) 


SUMMARY 


Following a brief review of existing reflectometer methods for the 
measurement of Q-factors of microwave cavities, a simplified system is 


described in which the complexity and cost of components are reduced 


appreciably. Values of Q-factors, from 200 to 4000, measured in this 
way are in good agreement with those obtained with established tech- 


niques. Because the local oscillator is tuned manually, a frequency 
_ range wider than that obtainable with electronic tuning may be covered. 


(1) INTRODUCTION 


The advantages of reflectometer methods for the measurement 
of resonant-cavity Q-factors at wavelengths where the power 


output of local oscillators varies considerably over the required 


_ frequency range are well known. 


i 


The necessary data are usually 
obtained from a cathode-ray-tube display. A horizontal fre- 


_auency scale is obtained by using a signal proportional to the 


" 
: 


- 


modulating voltage of a frequency-modulated local oscillator 
_ operating around the resonant frequency of the cavity resonator. 
_ Signals proportional to the power incident on and reflected from 


_ the resonator, obtained by means of a matched hybrid junction! 


or a pair of directional couplers,” 


are applied alternately to the 


_ vertical-deflection amplifier through a mechanical or electronic 


switch operating at the modulation frequency. Careful adjust- 
ment of the crystal detectors in the arms of the reflectometei is 
required for identical response over the frequency range. The 


reflection coefficient at resonance is measured with a calibrated 


: 
i" 


i 


attenuator in the incident power arm; the attenuation corre- 
sponding to the reflection coefficient at the half-power points can 


_ then be calculated (see Appendix), and the signal in the incident 


_ power arm is reduced accordingly. The frequencies at the points 


of intersection of incident and reflected power traces, measured 
with an absorption wavemeter in one of the arms, together with 
the frequency at resonance determine the Q-factor, Q,. 

The method gives quick and accurate results and is useful for 
the routine quality testing of microwave components. It is 
possible, however, to reduce both the complexity and cost of the 
apparatus appreciably by bearing in mind that the essential 
information can be obtained directly as power ratio. A simpli- 
fied system, extending the scope of apparatus described previously 
for operation at 8-6mm,? has been developed accordingly. 


(2) METHOD 


If periodic signals proportional to the power incident on and 
reflected from a cavity are applied to the X- and Y-plates of a 
cathode-ray tube, a straight-line trace may be obtained. The 
tangent of the angle between trace and X-axis is then proportional 
tothe power ratio. In commercial test equipment it is customary 
to apply square-wave modulation to the local oscillator. The 
‘equired signal, after detection, is usually amplified with a selec- 
uve amplifier tuned to the modulation frequency and only the 
fundamental component of the initial square waveform is pre- 
served. With careful adjustment, two such amplifiers for X- and 
¥-amplification will give a satisfactory trace, but any phase 
“ifference will result in an elliptic rather than a straight-line 
“isplay, making measurements somewhat uncertain. Greatly 
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improved performance can be obtained at little additional cost 
with untuned d.c.-coupled amplifiers. With these it is possible 
to obtain a display without phase errors and to establish an 
effective zero on the screen. Owing to preservation of the square 
waveform, the flat extremities of the modulating voltage are 
represented by two bright spots connected by faint lines, the con- 
trast in brightness being controlled by the ratio of the pulse width 
to the pulse rise-time. Generally, owing to phase errors and 
reflector hysteresis, the faint lines do not coincide. It was 
found advantageous to increase the rise time of the modulation 
voltage to observe the transient operation of the klystron more 
readily, typical values being a rise time of 400microsec for a 
pulse repetition frequency of 1000 pulses/sec. D.C. amplifica- 
tion also makes it possible, by adjusting both the reflector voltage 
and modulation amplitude, to ensure that the klystron is 
switched off between pulses rather than from one mode to 
another or between points on the same mode. 


With the equipment, which is shown in Fig. 1, properly 
KLYSTRON (MANUAL 
CEE OENGY CONTROL) 
TEST CAVITY 


i O dB ATTENUATOR 


ABSORPTION 
WAVEMETER 


POWER SUPPLY 


10dB 


ECUARS Ms ATTENUATOR 


GENERATOR 


x eure ane AMPLIFIER 


CRYSTAL DETECTORS 


DISPLAY OSCILLOSCOPE 


Fig. 1.—3cm power-ratio display. 


adjusted, the lower left-hand spot is the origin of the co-ordinate 
system, corresponding to zero incident and reflected power. The 
other spot has an abscissa proportional to incident power and 
an ordinate proportional to reflected power with the klystron 
operating at the peak of the modulating voltage. 

The oscillograph is fitted with a recticle, as shown in Fig. 2, 
with lines radiating from the origin and labelled with the magni- 
tude of the tangents of their respective angles with the X-axis. 
To calibrate the instrument, the cavity is replaced by a short- 
circuit and the X- and Y-channels are adjusted so that, with the 
left-hand spot at the origin, the right-hand spot lies on a con- 
venient line, inclined to the X-axis at an angle, 4,, whose tangent 
is recorded. To simplify calculations, the 45° line, labelled 1-0, 
is normally chosen. It is necessary to ensure that the right-hand 
spot remains on the selected line while the klystron is tuned 
manually over the expected frequency range. If crystal diodes, 
selected for good square-law response, are used, identical 
response can be obtained by adjustments of the tunable crystal 
mounts. 

The test cavity is then placed in position and the klystron is 
tuned manually to the resonant frequency of the cavity, which is 


[511 ] 


512 


Fig. 2.—Oscillograph tangent recticle. 


indicated by the maximum dip of the right-hand spot on to a 
radial line inclined to the X-axis at a smaller angle, dp. The 
resonant frequency, fo, is read off with the absorption wavemeter 
in the incident power arm, corresponding to a micrometer setting 
at which the right-hand spot suddenly moves to the left. It can 
be shown (see Appendix) that at the half-power-point frequencies, 
f; and f5, the right-hand spot lies on a radial line at an angle 
¢1,. equal to are tan 4(tan fd; + tan go), which simplifies to 
arc tan 4(1 + tan do) when ¢, is 45°. The klystron is tuned 
manually to the two frequencies on either side of resonance 
where the spot lies on this line. These frequencies, f; and f5, are 
measured with the absorption wavemeter. The Q-factor, Q,, 


is given by 
Q1 =fol(h — fi) 


The internal Q-factor of the cavity, Qy, can then be obtained 


from the relation* 
Q) = 2, [2/1 — ro)] 


where ro is the reflection coefficient at resonance. But, from the 
Appendix, 


ro = + (tan go/tan ¢,)'/?, or + (tan $o)'/? when ¢, is 45° 


The sign of rp depends on the degree of coupling, being negative 
for undercoupled and positive for overcoupled cavities. It can 
be determined by a separate experimental observation of the 
position of the standing-wave pattern at resonance,! or more 
simply by varying the phase of a mismatch introduced between 
cavity and refiectometer and observing the cyclic variation of 
Q-factor and resonant frequency.” For routine production tests, 
a determination of Q, will, in general, be sufficient. 


(3) CONCLUSIONS 


The useful range of the device is limited to Q-factors up to 
4000; dynamic methods for higher Q-factors requiring more 
accurate frequency measurements have been described in the 
literature.» However, unlike the sweep-frequency method, the 
range of measurement with manual tuning is not restricted to 
only 50 Mc/s, the extent of a klystron mode, and Q-factors of 
less than 200 may be measured. Because of the small variation 
of the power ratio near resonance, it is difficult to determine 
Q-factors of cavities whose coupling parameter QoQ, or Q,./Qo 
exceeds 20. 

Q-factors from 200 to 4000 determined by two independent 
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methods, namely the ‘system described above and a frequency- 
modulated display using a calibrated attenuator in the incident 
power arm (see Appendix), showed excellent agreement. Since } 
there is no requirement for a frequency time-base, a fast mech- 
anical or electronic switch and a precision calibrated attenuator, 
the saving in cost is appreciable without affecting the simplicity t 
of operation. 

The accuracy of the method depends on the spot size on the 
oscillograph screen, which in the equipment described above |: 
resulted in an uncertainty of the power ratio of about 5%. This |) 
is much larger than any inaccuracies to be expected from direc- | 
tional couplers with a directivity of 40 dB or better.© Additional : 
errors due to short-term frequency fluctuations of the local 
oscillator and non-linear response of crystal detectors and 
amplifiers are estimated to limit the accuracy of determining Q; 
to about 10%. 
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\ (6) APPENDIX 


If it is assumed that the power reflection coefficient, |r,|?, of a 
cavity at a frequency far from resonance is unity (this is the case); 


to a matched waveguide is given by* 
Iry,2l* = 40 + |ro|?) 
where ro is the reflection coefficient at resonance. 
If a calibrated attenuator in the incident power arm is used, 

let |ro|? = A decibels and |r, >|? = B decibels 

From eqn. (1), B = 10 log 4[1 + antilog(4/10)] . . . @ 
B is the setting of the attenuator which at frequencies f, and f,,| 
results in equal signals from the incident and reflected power arms’ 


when the detectors are calibrated for identical response. 
Alternatively, let 

|r;|? = k tan 4, (equal to unity by definition) .. . (3). 

and |ro|? = k tan do ee 


where k is a constant. 


From eqns. (1), (3) and (4), |r;,.|*? = k tan $1. = ki(tan bit 
+ tan do), ie. 


tan $; » = 4(tan d, + tan do) (5) 
From eqns. (3) and (4), j 
ro= t(tangojtang)'? . . . . 
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ULTRA-HIGH-FREQUENCY POWER AMPLIFIERS 
By J. DAIN, M.A., Associate Member. 


(The paper was first received 10th May, and in revised form 16th July, 1958.) 


SUMMARY 


The paper examines a few of the problems associated with the 

_ design and construction of power amplifiers operating in the frequency 
band 300-3 000 Mc/s. 

__ Various types of amplifier are considered in turn, and the advantages 

and disadvantages of each particular class are examined in some detail. 


LIST OF SYMBOLS 


A = Anode area, cm?. 

a = Ratio between r.f. and d.c. anode potentials. 
By = Brillouin magnetic field, gauss. 

b = Ratio between instantaneous values of anode and grid 

potentials. 

C = Pierce’s gain parameter. 

C’ = Effective capacitance of external anode circuit, farads. 
d, = Grid-cathode spacing, cm. 

d, = Grid-anode spacing, cm. 

E = Axial component of electric field, volts/cm. 
f = Frequency. 

g = Ratio between r.f. and d.c. grid potentials. 
G = Gain factor. 

1g = Direct beam current, amp. 

J = Cathode current density, amp/cm?. 

# = Beam perveance, pervs. 

P = Power flow, watts. 
P») = Output power, watts. 

P, = Grid dissipation, watts/cm?. 
P, = Anode dissipation, watts/cm?. 

Q = Space-charge parameter. 

ro = Beam radius, cm. 

T = Transit time, sec. 

Up = Beam velocity, cm/sec. 

u, = Phase velocity, cm/sec. 

uz = Group velocity, cm/sec. 

V, = Beam voltage, volts. 

¥, = Instantaneous grid potential, volts. 

¥ = Instantaneous anode potential, volts. 

V,, = Direct anode potential, volts. 

V, = Direct grid potential, volts. 

W = Energy stored per unit length, joules/cm. 

B = Phase-change coefficient = w/w, cma. 

€) = Permittivity of free space = (1/367)10—'! farads/cm. 
7 = Overall efficiency. 

Nq = Anode efficiency. 

A = Wavelength, cm. 

u = Amplification factor. 

w = Angular frequency, rad/sec. 


®, = Reduced plasma angular frequency, rad/sec. 
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(1) INTRODUCTION 


Prior to 1940 the upper frequency limit on power-amplifier 
tubes was about 200 Mc/s. The wartime advances in pulsed 
tubes of the disc-seal, Resnatron! and klystron types opened up 
new avenues of approach to the problem. Still more recently 
the realization of the travelling-wave and backward-wave tubes 
has provided further scope for development. It should not be 
inferred, however, that progress has been made solely through 
the discovery of new principles of operation; technical improve- 
ments in methods and materials inevitably have played a crucial 
role in raising performance figures. 

The present discussion will be concerned primarily with the 
ultra-high-frequency band extending from 300 to 3000 Mc/s, 
because this is thought to be of particular interest. It will be 
shown, for example, that opinions differ on the type of tube 
which may be used to best advantage over the lower part of the 
range. This controversy has been undecided for a long time, 
and the present indications are that the issue will remain in the 
balance for some years to come. The band is of interest also 
for the reason that many applications extend their operating 
frequency range into it from either above or below. Broad- 
casting, tropospheric-scatter communication, navigational aids 
and radar systems have frequency allocations within it. 

Various types of amplifier are used in the band. Triodes or 
tetrodes are often selected for the lower frequencies on the 
grounds of size and economy, but transit-time limitations render 
them less suitable for power operation at frequencies greater 
than about 1 Ge/s. Multi-cavity klystrons may be used anywhere 
in the band, although they become rather unwieldy when 
designed for the lower frequencies. This drawback is offset to 
a great extent by the very high stable gain which may be obtained. 
Travelling-wave tubes also have been built for frequencies 
throughout the band, and it is necessary to use them when the 
amplifier is required to have a bandwidth in excess of a few per 
cent. In general, these tubes have lower gains and lower effi- 
ciencies than klystrons. More recently, the principles of back- 
ward-wave interaction have been exploited to advantage in 
amplifier design. In various forms these have either high gain 
and relatively low efficiency or high efficiency with relatively low 
gain. The bandwidth also depends on the type, but voltage 
tuning may be applied to this class of tube more profitably than 
to any other. 


(2) GRID-CONTROLLED VALVES 


Triodes and tetrodes of conventional design have proved very 
successful and reliable in class-C amplifier circuits for output 
powers up to 10kW mean at frequencies up to 150Mc/s. In 
valves of larger size with a consequent limitation of the maximum 
operating frequency to about 50Mc/s, powers of 100kW or 
more per valve are readily obtained. The reliability of these 
designs has been demonstrated by lives in excess of 10000 hours, 
which have become the rule rather than the exception. 

The construction of most of these types is illustrated in Fig. 1 
and follows a well-established pattern. The cathode is a cage 
of tungsten or thoriated-tungsten filaments surrounded by a 


5135) 


514 


Fig. 1.—Construction of a high-power triode for frequencies up to 
50 Me/s. 


grid or grids wound with molybdenum wire spot-welded to rigid 
support wires. The copper anode forms part of the vacuum 
envelope and is sealed with a glass insulator to the header on 
which the grid and cathode are already mounted. In this way 
the electrodes requiring accurate location with respect to one 
another may be adjusted before the final seal is made. 

Various limitations of this design set in as the frequency of 
operation is increased. In many cases the transit time of the 
electrons becomes an appreciable fraction of the r.f. cycle, and 
this reduces both the gain and the efficiency. The power output 
is reduced by this fall in performance, but frequently it is reduced 
still further because the electrode structure has to be restricted 
in size. Neither the length nor the diameter of the active region 
of the tube may exceed some small fraction of the wavelength, to 
ensure that only minor variations in the amplitude of the rf. 
field occur within it. The reduction in power output imposed 
by these considerations of size may be avoided if the specific 
loading of the electrode structure can be increased appropriately. 
Difficulties arise also in the design of the r.f. circuits associated 
with the valve. The impedance of the connections made through 
the vacuum envelope to the internal electrodes becomes appre- 
ciable and has the effect of decoupling the r.f. fields in the active 
region of the valve from the fields in the external circuits. 

The first step to reduce the lead inductance is the adoption of 
a circular symmetry combined with the use of disc seals; the 
circuits are arranged for the valve to be plugged-in with contact 
made all round. This improvement is not necessarily adequate 
to give a satisfactory arrangement for the output tank circuit; 
this must include the anode insulator, which may be too long to 
permit the use of an efficient geometry. This remark applies 
especially to glass insulators, because the minimum safe length 
which can be used at ultra-high frequencies is determined by 
dielectric loss and not voltage flashover. The external connec- 
tions to the anode may therefore be the source of high series 
inductance, which can be reduced only by decreasing the insulator 
length. This is done sometimes by modifying the overall design 
of the valve and its circuit so that the insulator is subjected to a 
lower r.f. voltage. Alternatively, shorter insulators of low-loss 
ceramic may be used, and this solution retains the advantage of 
keeping a significant part of the circuit, including the coupling 
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.mechanism must be adapted to work in vacuo and the tuning)) 


to the load, outside the vacuum envelope. The ultimate con-}) 
struction is to incorporate the r.f. circuits wholly within the 
envelope, with the d.c. connections taken in at nodes of the r.f./ 
field.!2 The disadvantages of this arrangement are that a more 
complex assembly must be made vacuum-tight, the tuning?) 


range of a particular assembly is limited to about 10% of the } 
mid-band frequency. 

The problem of appreciable transit times is not solved so 
readily. Suppose the cathode/control-grid region of a tube is): 
considered as a planar diode; under d.c. conditions with a space-%. 
charge-limited current the transit time, 7, is given by 


d,\ 13 1 
T= 67 x 100 (| second: >.) ula aaa 


The power dissipated by the electron beam per unit area of the!» 
grid is given by 


oc JB a4 


sufficient emission for operation to be restricted by the running’ 
temperature of the grid and not by the cathode loading. If,' 
however, a design is scaled to shorter wavelengths, keeping both'> 
the current density and the electron transit-angle constant, the) 
grid dissipation falls below the maximum safe value. It is : 
therefore often desirable to increase the cathode loading to avoid |) 
decreasing the electrode spacings so rapidly. 


suggested that the design should be varied with the operating! 
wavelength in a way such that the grid dissipation density and|i 
the electron transit angle are unchanged. If the r.f. losses in| 
the grid are ignored, this will be achieved if the electrode spacing |i 
and the cathode current density are scaled as 


duce ee 
JFOOA= 43 

Fig. 2 shows the results of applying this system of scaling to af 

diode operating with a transit time of 0-2 cycle and with a} 


cathode loading of 0-Samp/cm? at 375Mc/s. The Figure 
illustrates that designs for frequencies up to 1Gc/s are prac- > bY 
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Fig. 2.—Typical electrode spacing and current density for a diode | 
having an electron transit time 0-2 cycle. 
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ticable. It may prove possible to raise this limit to 1-5 Ge/s, but 
this will entail the use of high-current-density cathodes such as 
the impregnated type.? Moreover, the mechanical design must 
be well engineered to obtain the structural rigidity required to 
control the grid-cathode spacing, which is typically 0-010in, 
throughout the useful life of a tube. 

The figure shows that continuous-wave working is not 
practicable at the high-frequency end of the band. However, it 
is well known that some thermionic emitters operate satisfactorily 
with very high loading, provided that the current is drawn from 
them only in pulses of short duration. It follows that the 
upper frequency limit is correspondingly higher for tubes 
designed specifically for this type of service. 

The spacings between electrodes beyond the control grid are 
governed by considerations of space charge, conversion efficiency 
and bandwidth. The particular case of triode geometry will be 
discussed here, since this is sufficient to illustrate the argument. 
It will be assumed that transit times are negligible and that the 
cathode emission is space-charge-limited. The first effect to be 
considered is the depression of the potential in the electron 
stream caused by space charge. It is thought reasonable to 
apply the criterion that no potential minimum shall occur 
beyond the grid. For parallel flow this implies the condition 


(eo I@-I">4.. 6 


The minimum value of v/v, so defined is plotted as a function 
of d,/d, in Fig. 3. The grid—anode transit time is then some- 
what less than 4(d,/d,) times the cathode-grid transit time. 
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Fig. 3.—Minimum anode/grid voltage ratio required to avoid a 
potential minimum between these two electrodes. 


This limitation on the minimum anode potential has a bearing 
en conversion efficiency. Suppose that the r.f. voltage on the 
anode is some fraction, a, of the direct anode voltage, V,, and 
—V, is the standing bias on the grid which is driven by an r.f. 
voltage gV, Then the inequality (4) may be rewritten as 


Vii a) OV Ag Nee ees (5) 
As an approximation, V, is of the order of V,, so that, from 
mequality (5), 
; al 
Ee ra 
a2 


che parameter a is also the maximum efficiency of the amplifier, 
nd the relation shows that y must be high to give good efh- 


(HES | 


SIS 


ciency. The power gain also depends on the amplification factor, 
and this is especially true for the earthed-grid circuit commonly 
used at these frequencies. In this case the gain, G, is approxi- 
mately equal to the ratio between the r.f. voltages on the anode 
and cathode. The relation (5) may be recast to show that the 
limit imposed on the anode voltage by the potential depression 
of the space charge implies also an upper limit on the power 
gain. Simple substitution gives 


G<plge —b—1/g). . . . (7) 


from which it is evident that the gain increases with ». As an 
example, Fig. 4 shows the maximum values for both a and G 
plotted against ~ for the values b = 3 and g = 2 which are 
considered typical. 
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Fig. 4.—Maximum efficiency and the power gain of an earthed-grid 
triode circuit as functions of the amplification factor. 


An increase in the grid-anode spacing of a triode necessitates 
an increase in b. The inequalities (6) and (7) show that this 
will result in lower efficiency and power gain. It must be 
remarked however, that a larger separation gives a wider band- 
width. By evaluating the Q-factor of the output circuit in its 
lumped effective form and with optimum loading, the bandwidth 
may be expressed in the form 


JA 


ain a a tn A) 
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The constant of proportionality depends on the form factor of 
the tube space current and on the utilization of the area available 
for electron emission. The expression (8) shows the functional 
dependence of the bandwidth on the efficiency parameter a and 
the grid-anode spacing d,. As dp, is increased, a must be 
reduced and so the bandwidth is increased. Thus the choice of 
grid—anode spacing is necessarily a compromise between high 
gain and efficiency on the one hand and wide bandwidth on the 
other. 

The expression (8) for bandwidth also shows that high-current 
low-voltage tubes have wider bandwidths. The low-voltage 
requirement is, of couse, in conflict with a demand for high 
power. 

It has been mentioned that the power output may be limited 
by the restriction on electrode size imposed by the need for 
uniformity of the electric field in the active region of the. tube. 
In the coaxial form of construction the axial length of the active 
section should not exceed about 4/8 for a single-ended assembly 
or A/4 for a double-ended one. It is preferable that the diameter 
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be kept less than A/3 to avoid the occurrence of r.f. field dis- 
tributions having circumferential variations. Unwanted modes 
should not be excited in a well-built tube, but constructional 
and other defects may give rise to non-uniformities in the electron 
current which will cause these modes to interfere with the 
correct operation of the amplifier. With these restrictions the 
power output, Po, is limited to the approximate value 


PaetQr2)- Pail = 5). ore ie ee) 


A water-cooled anode can be run with a dissipation of 
500 watts/cm?, so that, assuming 7, = 50%, 


Py = 100A? watts (10) 


when A is measured in centimetres. For an operating frequency 
of 750 Mc/s (A = 40cm) the limiting power output would be 
160 kW, so that it is reasonable to conclude that anode dissipa- 
tion causes no limitation on power output. 

In the u.h.f. range the choice between the triode and the tetrode 
remains rather undecided. The tetrode is at a disadvantage 
constructionally, and may suffer a deterioration in performance 
caused by unforeseen parasitic resonances in the cavity between 
the two grids. Such resonances are not necessarily easily sup- 
pressed when the valve is associated with a circuit tuning over a 
wide frequency band. On the other hand, the tetrode is capable 
of higher power gain and wider bandwidth; it provides greater 
isolation between input and output and is more economical in 
some applications. Current opinion seems to favour the tetrode 
for use at modest power levels where its advantages are best dis- 
played. At higher power ratings the greater simplicity of the 
triode may make for more reliable operation. 

The design of a u.h.f. triode or tetrode should comply as far 
as possible with the following conditions. The cathode must be 
capable of high emission and preferably in the form of a con- 
tinuous surface rather than a filamentary structure. The grids 
must be spaced close to each other and to the cathode, and must 
be close-wound to obtain a high amplification factor. The 
electrodes must have low-inductance mountings, and all insu- 
lators placed in the r.f. fields should be as small as possible. 
The 1kW tetrode shown in Fig. 5 embodies these features.* 
It is of coaxial construction throughout, with the electrodes 
mounted directly off their respective terminals, which are brazed 
to high-alumina-content ceramic insulators. The cylindrical 
cathode surface is about 2in in diameter and tin high, and is 
made by impregnating a sintered-nickel mush with the emitting 
material. The two grids are cylinders of chrome copper which 
have been etched to provide the beam apertures,® and the anode 
is a copper cylinder spaced about 5mm from the second grid. 
The finned radiator attached to the anodes requires a flow of 
approximately 100ft?/min of cooling air when the tube is run 
at its maximum rated dissipation. It should be noted that the 
use of ceramics not only allows short insulators to be used but 
also facilitates accurate positioning of the electrodes with respect 
to each other. 


(3) KLYSTRONS 


The basic principles of klystron operation are now firmly 
established and widely appreciated. Power is delivered to the 
output circuit by a density-modulated beam obtained by allow- 
ing electrons with an initial velocity modulation to drift until 
they become bunched. 

In a grid-controlled tube the electrons interact with high- 
frequency fields directly they leave the cathode and before they 
have acquired a substantial velocity. In a klystron, however, 
the electrons are accelerated to the full velocity imparted by the 
direct voltage applied to the tube before they exchange energy 
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Fig. 5.—A 1kW tetrode suitable for frequencies up to 1 Ge/s. 


with the high-frequency fields. This process minimizes transit- |) 
time effects and is responsible for raising the highest practicable |; 
oprating frequency by a factor of more than ten. Other out- | 
standing features of this class of tube are the isolation between 
the r.f. input and output which is virtually complete and the 
high stable gain, which can exceed 70dB in a modern multi- § 
cavity klystron. The separation of the d.c. and r.f. fields also 7 
is considered to be advantageous. 
On the other hand, klystrons suffer disadvantages in size, high | 
operating voltage and a heavy concentration of the beam power. 
This, in particular, demands good focusing of the beam along the } 
drift tubes, followed by defocusing before it impinges on the | 
collector. 
The efficiency of early designs was low, and the development + 
of power klystrons was neglected for several years because of the | 
superior efficiency of cavity magnetrons. The revival of interest « 
in the klystron was due mainly to Hansen, whose foresight 
resulted in the successful development of a very-high-power 
pulsed amplifier.’ Since then, considerable advances have been / 
made in the bunching of electron beams. These advances have | 
been realized by studying systems using more than one bunching 
cavity® and by considering in greater detail the effects of space | 
charge in the bunched beam.?»!® In both investigations the | 
object has been to obtain a design in which the electrons arrive | 
at the output cavity in the shortest possible bunch. The | 
depressed-collector technique'! is another step taken to increase | 
the overall efficiency. In this arrangement the collector is no — 
longer raised to the same potential as the main body of the 
klystron, but to a potential intermediate between the cathode 
and the body potentials. The spent electron beam therefore 
delivers less energy to the collector on arrival. Nowadays it is 
common for the efficiency of a klystron power amplifier to 
exceed 40%. This is comparable with the performance of. 
other classes of tube at the frequencies under consideration. | 
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Klystrons may be divided into those which require no 
externally applied constraints to focus the electron beam and 
‘those in which constraints are necessary to transmit a high 
proportion of the beam current through the drift tubes. It is 
usual to employ an axial magnetic field which is arranged to 
‘Keep the beam diameter sensibly constant along the length of 
‘the tube. Klystrons with no external focusing require drift 
spaces of short length and large diameter with gridded interaction 
‘gaps to minimize stray coupling between the r.f. fields of the 
«cavities and to give efficient interaction between these fields and 
the beam. The gain and bandwidth are restricted by the drift- 
tube geometry and the power output is limited by the presence 
of the grids which are heated by the small fraction of the beam 
current, which they intercept. Approximately 1kW of mean 
power is practicable at 1 Gc/s and this limit is roughly propor- 
tional to the operating wavelength. If the beam is focused by 
a magnetic field, its diameter may be kept small in relation to 
the wavelength of operation and it is unnecessary to have grids 
in the interaction gaps. It follows that the power-handling 
capacity of this type of klystron is much greater, and mean 
powers of 10kW have been obtained at frequencies of 2:5 Gc/s 
and higher. Moreover, the beam can be focused efficiently for 
@n indefinite length, so that the number of cavities and the 
spacings between them can be optimized for each particular 
application. It must be appreciated, however, that the greater 
simplicity of the klystron with only space-charge focusing makes 
for a simpler installation and it is undoubtedly more suitable for 
certain equipments. 

Klystrons are classified by the beam-focusing system and by 
the construction of the resonant cavities. These may be built 
wholly within the vacuum envelope of the tube so that, apart 
from the input and output windows, each cavity is of all-metal 
construction. Alternatively, the cavity may be partially external 
to the vacuum, in which case the interaction gap must be sealed 
from the external cavity by a suitable low-loss vacuum-tight 
insulator. This form of construction is to be preferred whenever 
the electrical specification for the tube will allow. The advan- 
tages are that the tube itself is simpler in form and may be used 
with a variety of external circuits. When used with a particular 
circuit the tuning range is at least twice that obtained with an 
integral cavity. Circuit design is easier and replacement costs 
are lower, because a new set of cavities is not required with each 
tube. The introduction of low-loss ceramics has greatly 
increased the power rating and operating frequency of external- 
cavity tubes, but it is not yet established whether dielectric loss 
or flashover is the limiting factor. In either case the maximum 
power obtainable will scale roughly as (frequency)~*/?._ On the 
other hand the power limit set by considering dissipation in the 
drift tubes and the collector scales as the inverse square of the 
frequency. 

At the lower frequencies it follows that the power-handling 
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capacity of an external-cavity klystron will be limited by the 
dissipation in the collector or in the drift tube, and not by failure 
of the cavity ceramics. At higher frequencies the reverse wil! be 
true. Thus an integral-cavity tube must be used for any given 
power rating if the operating frequency exceeds some critical 
value. This critical frequency is dependent on the output power 
required; for example, on c.w. operation it is about 2Gc/s at an 
output of 10kW, but nearer 5Ge/s at 1 kW. 

The trend in modern klystron amplifiers is towards multi-cavity 
types with three or more resonators. In the u.h.f. band the 
efficiency of a 2-cavity amplifier is some 25-30% and it increases 
to about 40-45 % for a 3-cavity design. The efficiency does not 
rise much above this figure however many cavities are used, and 
the advantage of klystrons with four or more cavities lies in 
the increased gain and bandwidth which can be obtained. It is 
usual to operate with the cavities stagger-tuned, because this 
gives a wider bandwidth and higher efficiency than can be achieved 
with all the cavities tuned to the same frequency. The theory of 
electron bunching in a multi-cavity klystron has been presented 
elsewhere.!?:!3 From this the variation of the gain with fre- 
quency (Fig. 6) has been calculated for three tubes using numerical 
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Fig. 6.—Typical gain/frequency characteristics of multi-cavity 
klystrons. 


values which are considered typical of a klystron operating at 
700 Mc/s. The data presented in Table 1 summarize the varia- 
tion of the gain and bandwidth with the number of cavities used 
and with the tuning pattern of these cavities. In particular it 
will be noticed that the performance in terms of gain and band- 
width of the 4-cavity klystron is superior to that of two 2-cavity 
tubes in cascade. Its advantage is apparent. 

The relatively high voltage required in a klystron constitutes 
the main drawback of this type of amplifier. It causes the long 
length of the drift tubes, because the electrons must drift for a 
given number of cycles of the r.f. field, and it is also inconvenient 


Table 1 
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in equipment design, because high-voltage supplies must be 
provided and adequate insulation is necessary on a number of 
components. An added complication arises in pulsed operation 
at very high peak powers when the electrons in the beam have 
sufficient energy to generate hard X-rays on being stopped by 
the walls of the tube. The X-radiation penetrates the vacuum 
envelope and an external shield, usually of lead, is required to 
protect the health of personnel working in the vicinity. It is 
well known that the beam current, Jp, in a klystron is given in 
terms of the beam voltage, Vo, by the simple relation 


(11) 


where the constant Y, the perveance of the beam, is determined 
by the geometry of the electron gun. If Vo is measured in 
volts, F is usually about 1 x 10~-° pervs. Despite improve- 
ments in gun design!*-!® it is unlikely that the perveance will be 
increased by an order of magnitude, except under circumstances 
which are of no immediate concern here. Using relation (11), 
the power output Py may be expressed in terms of the beam 
voltage and the efficiency 7 by 


Po = nPV5!? watts . 


Io = PV 77 amperes 


(12) 


In the v.h.f. band 7 is typically 40%. 
The curves of power output and beam current as functions 
of the beam voltage are shown in Fig. 7 using the above numerical 
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Fig. 7.—Beam current and power output of u.h.f. klystrons as 
functions of beam voltage. 


values. Higher power output is obtained at a given beam 
voltage if the efficiency or the beam perveance is increased. 
Neither of these parameters can be increased indefinitely, and 
there is some limited experimental evidence which indicates that 
a high-perveance beam causes a reduction in efficiency. 

High operating voltage is not the only factor contributing to 
the relatively long overall length of klystrons. The electron 
beam has to be restricted in diameter to ensure efficient inter- 
action between the electrons and the gap voltages. The current 
density in the confined beam is therefore high; for example, in 
pulsed klystrons it may be as much as 50-100amp/cm?. This 
high current density is obtained by using a cathode with a large 
diameter and converging the beam profile in the first stages of 
its formation. The power density in the confined beam is also 
high; for example, the beam in a 10kW c.w. klystron designed 
to operate at 700 Mc/s carries some 30 kW of power concentrated 
into an area of about 3cm?. It is therefore essential that the 
geometry of the electron collector and the trajectories of the 
electrons entering this collector are arranged to disperse the 
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of the collector. Both the process of converging the beam whei|, 
it is launched and that of dispersing it when it is collected adi 
to the overall length of the tube. 

The power output determines the beam voltage, and this alt 
turn determines the drift-tube diameter and cavity gap-length)) 
The choice of these dimensions is based on compromise; shor} 
gaps and narrow drift tubes give good coupling of the beam ti!) 
the cavity fields and reduce the beam loading on the cavities. !}) 
Short gaps give high r.f. fields across the gaps and increase th > 
probability of voltage breakdown and loading by secondary’) 
emission effects.!8 Narrow drift tubes require high focusin) 
fields, because 


By = 8:3 x 10°7.VAVo)'7/ro gauss (13) 


where the Brillouin value, Bo, of the magnetic field would main} 
tain the beam radius constant at rg centimetres under idea)’ 
conditions. With small-diameter beams there are the added dis} _ 
advantages that the space-charge debunching forces are increase); 
and the beam power is unduly concentrated. As a rough guide © 
the gap dimensions are chosen to be such that the transit angl. 
is about 1 rad in the axial direction and about 2rad across th » 
drift-tube diameter. Vo 

The design of a tube is completed by determining the dril), 
lengths between the cavities. The data required are the bear” 
voltage and current, the gap factors for beam coupling an 
loading and the internal losses and effective capacitances of th’ 
cavities. The small-signal gain and frequency response are bes) 
evaluated by a space-charge-wave analysis,!3 and experimentel: 
evidence suggests that these calculations are reasonably accurat ‘ 
up to relatively high signal levels; an alternative procedure® ip 
available for larger modulation depths. Even this theory is ne ° 
strictly applicable when the velocity modulation is strong enoug Kc 
to cause overtaking of the electrons as they drift. The analysi) 
of the bunching process in these circumstances has bee 
solved only with such drastic assumptions that its validity if 
questionable. P 

The cavities associated with a klystron are of a size norma 
for a given wavelength, but an amplifier of this type usuall) 
requires more of them than a single-stage triode amplifier. 
focusing solenoid and magnetic circuit also add to the bulk o 
the klystron amplifier. It must be remembered, however, the 
the high gain available from a single tube reduces the size ani) 
complexity of the r.f. driving circuits. There appears to b) 
little to choose in size between a transmitter using a klystro) 


electrons over an area sufficient to avoid overheating any ha 
¥. 


throughout all the stages. | 
The klystrons illustrated in Figs. 8 and 9 have been chosen a} 
contrasting examples of modern klystron-amplifier design. Th 
K347 shown in Fig. 8 is a 3-cavity amplifier for pulsed servic’ 
in the band 575-625 Mc/s. It is air cooled and is used in cor} 
junction with external cavities, each of which comprises a shor) 
length of rectangular-section waveguide split across the media) 
plane to facilitate clamping into position around the tube. Th’ 
tuning and coupling arrangements are all external to the vacuur’ 
envelope. Under typical conditions the tube is operated with 
pulsed beam voltage of 75kV to give a peak power output © 
500kW at an efficiency of 35-40%. The mean output ratin 
is 1:2kW. The construction of this tube demonstrates 
further advantage of the external-cavity amplifier. Furnac 
brazing is used only in the assembly of the separate drift-tube. 
and ceramic sub-assemblies. Thus, although the complete kly 
stron is S5ft long, no dimension of the furnace-brazed part 
exceeds 16in. Copper spinnings are brazed on each end of th 
high-alumina-content ceramic cylinders which have previousl 
been metallized, and the final assembly consists of stacking th 
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ceramic sub-assemblies alternately with the individual drift-tube 
assemblies on to a vertical mandrel. Argon-arc welding is used 
40 join together the various sub-assemblies. The collector is 
‘brazed by eddy-current-heating methods and the gun is sealed in 
on a glass lathe. 

. The K339 shown in Fig. 9 is a 4-cavity amplifier designed for 
¢.W. operation in the band 1350-1450 Mc/s. The cavities are 
4ntegral with the vacuum envelope and are tuned by varying the 
gap lengths through diaphragm-type mechanisms. The output 
coupling unit is a coaxial line with the inner supported by a 
quarter-wave stub. The coaxial line terminates in an aerial 
which couples the power output into a standard-size waveguide 
and the output window is a glass dome surrounding this antenna. 
Under normal operating conditions the power output is 10kW 
for a beam voltage of 17kV; the efficiency is 35%%, the band- 
width 4Mc/s, and the power gain approximately 40dB. The 
drift tubes and the collector require water cooling, and air 
cooling is necessary for the gun insulating glass and the output 
window. This klystron has a gain of 55dB if all four cavities 
are tuned to the same frequency; in these circumstances the 
saturated power output is 7kW for the same beam voltage as 


before. 


(4) TRAVELLING-WAVE TUBES 
The helix-type travelling-wave tube, described originally by 
Kompfner!? and Pierce”° and shown diagrammatically in Fig. 10, 
is capable of amplifying signals over a wide frequency range 
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Fig. 9.—The K339: a 4-cavity klystron with a rated output of 10kW, c.w., at 1:4 Ge/s. 


without adjustment. Tubes are available with a 3 dB bandwidth 
of one octave. The essential feature of the construction which 
gives rise to the large bandwidth is the inclusion of an r.f. circuit 
which can propagate electromagnetic energy from the input to 
the output terminals in the absence of the electron beam. It 
follows that the group velocity of the system can be relatively 
high, so that the phase velocity will change slowly as the fre- 
quency is changed. Ina klystron the resonator system may be 
considered as a filter circuit with zero group velocity, because 
there is virtually no transfer of electromagnetic energy from one 
cavity to the next without the electron beam; the finite band- 
width of the klystron is derived only from the coupling provided 
by the beam. 

Two further important differences between the klystron and 
the travelling-wave tube arise from the change in the r.f. struc- 
ture. The klystron is inherently stable, because the back 
coupling of r.f. energy is negligible; circuit feedback is possible 
in the travelling-wave tube and the tube is unstable without the 
addition of sufficient attenuation in the circuit. This attenua- 
tion is usually distributed over only a short length of the circuit, 
to minimize the reduction of efficiency and power output caused 
by it. It is situated between one-half and two-thirds of the 
distance along the tube and must be matched to the circuit at 
both ends with great care. The second different feature is the 
gain obtained in a given length. The resonant cavities of a 
klystron have low internal loss and large r.f. gap voltages are 
readily excited; this favours a high gain per unit length. In 
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Fig. 10.—Diagrammatic representation of a travelling-wave tube. 
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the travelling-wave tube high fields in the circuit require a high 
flow of r.f. power along the tube, and this condition is unfavour- 
able for a high gain per unit length. 

The basic design of a power travelling-wave tube is concerned 
primarily with two parameters. Following the notation of 
Pierce,”! these are the gain parameter, C, and the space-charge 
parameter, Q, defined by the relations 


C= aba 
40C3 = (w,/w)* 


The gain per unit length increases as C increases and Q decreases. 

The electron optics of travelling-wave tubes are generally 
similar to those of klystrons and the beam perveance suffers 
the same restrictions in both cases. The expression (14) for C 
shows that a high-perveance beam is essential if the gain per 
unit length is to be as high as possible, and large-diameter 
hollow beams are finding increasing favour for this reason. A 
beam of this type, focused, for example, by Harris flow,?* may 
have a perveance as high as 15 xX 10-© perv without exces- 
sive velocity spread amongst the electrons. Hollow beams 
have not been used in the past for klystrons because the large 
diameter necessary for the drift tube increases the circuit feed- 
back and impairs the stability. This type of feedback is inevit- 
able in the travelling-wave tube, so that a large-diameter beam 
and circuit are not serious embarrassments. 

At present the electron optics create only small restrictions 
on the capabilities of travelling-wave tubes; it is the circuit which 
requires improvement. The helix has proved admirable for 
low-power applications, but it limits the maximum mean power 
obtainable at 3 Gc/s to about 100 watts unless special precautions 
are taken to cool it. When designed to be used with a beam 
which has been accelerated by a potential of not more than a 
few kilovolts it has a high coupling impedance and low dis- 
persion, but for pulsed tubes with high-voltage beams the 
coupling impedance is low. By contrast, the disc-loaded circular 
waveguide has a high impedance for all beam voltages; its 
dissipation properties are good, but it is a highly dispersive 
structure, owing to the large storage of energy in the individual 
cavities of the structure. 

To appreciate the circuit problem it is helpful to state certain 
fundamentals of electromagnetic waves. The group velocity is 
a measure of the rate of change of phase velocity with frequency; 


(14) 


thus 
uy, = w/P | 
ye dew 9B f (15) 
from which it follows that 
du,/dw = aj_a = [ug) 


and it is clear that a high group acer means a low rate of 
change of phase velocity with frequency, and hence a wide 
bandwidth. It has been shown that the group velocity is related 
to the power flow and the stored energy ;?? more specifically, 


P= UW (16) 


where P is the total power flow and W is the energy stored in the 
field per unit length of the transmission system. Now the 
requirement for high gain means minimum power flow for a 
given field strength, so that wide bandwidth can come only from 
a circuit with a low energy storage. In this connection it should 
be remembered that the electric and magnetic vectors of a 
travelling wave store equal amounts of energy. 

The fundamental design of a circuit may now be formulated. 
In the region occupied by the beam there must be an E-wave 
propagating at the beam velocity; an H-wave in this region is 
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neither essential nor desirable. This wave carries power alon|» 
the circuit and its field stores more electric energy than magnet: 

energy. The ideal slow-wave structure would make up th; 
deficit of stored magnetic energy without adding either to i 0 


is not realizable, since it is impossible to create the necessa 
discontinuities in the components of the field. 

The disadvantage of the single helix is that it couples th» 
E-wave to an H-wave, which while restoring the energy balane is 
doubles the power flow. The stored energy is not greatl) 
increased above the minimum postulated above. The crosy 
wound helix?* has a propagating mode in which the H-wave | 


B! 


absent, so that the power flow is reduced without much chang? 
in the stored energy. This circuit therefore has a higher couplin 
impedance obtained at the expense of bandwidth. Both struc) 
tures are difficult to mount with good thermal conductane, | 
although the cross-wound helix can be supported on a series (> 
quarter-wave stubs with a small reduction in OOS eee 
and bandwidth. 2s 


ideal minimum as the periodic nature of its construction wi 
allow. On the other hand, much electric-field energy is int 


iat and is critical to dimensional tolerances. The store 
energy may be decreased by reducing the area of the close] 
spaced metal walls of the discs, and Fig. 11 shows a structur> 


Fig. 11.—Modified disc-loaded circular waveguide. 


with apertures incorporated for this purpose. Inductive couplin} 
between the cavities occurs through the apertures, and su p 
coupling is in the sense that increases the dispersion because | 
also reduces the net power flow. If the apertures are opene} 
up sufficiently, the circuit becomes one having a reverse funde! 
mental mode; this means that the fundamental mode has phas) 
and group velocities of opposite sign. Even so, the circuit mal 
still be used in a forward-wave amplifier, provided that the bee 
is arranged to interact with a forward-wave space harmoni(( 
and tubes?° with pulsed outputs approaching 1MW peak an) 
bandwidths of almost 10% have been built to operate at 3 Ge/i 

The design of attenuators is closely linked with the form ¢ 
the delay circuit. For power tubes the attenuator must F 
capable of dissipating appreciable energy, and it is desirable the 
it should be mounted outside the vacuum envelope. Usual 
this is impossible, because the coupling transformers betwee. 
the internal circuit and the attenuator must match, not onl 
over the normal frequency range of the tube, but also over a\ 
frequencies at which spurious oscillations could be generatec 
Internal attenuators must be of a material which will not impai 
the vacuum conditions and may need to be cooled by externe 
means. They can be divided broadly into two classes, namel 
those working in a strong r.f. magnetic field and having th 
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sharacteristics of a lossy conductor, and those placed in a strong 
-f. electric field which require the characteristics of a lossy 
lielectric. For the former, thin films of magnetic materials are 
ised, deposited by such processes as the hot-spraying technique. 
Thin films of carbon are used at low powers to simulate lossy 
jielectric, but these are not very satisfactory at high power 
evels. Blocks of porous ceramic loaded throughout their 
volume with carbon have been used recently and this composite 
material promises to be capable of dissipating considerable 
omergy. 

_ Several analyses of the large-signal theory of travelling-wave 
bes have been published?’-3! in which estimates of efficiency 
aave been derived after considerable computation on a machine. 
The results indicate that efficiencies of the order of 30-40% will 
de obtained with well-designed tubes. 


(5) BACKWARD-WAVE AMPLIFIERS 
Any periodic waveguide structure will support a travelling- 
wave field built up from a set of component waves, usually 
eferred to as ‘space harmonics’.32_ Certain of these have their 


difference in the character of the mode: in the forward-wave tube 
an exponentially growing wave is excited to give the gain; in 
the backward-wave tube with high beam current the gain results 
from the interference between three non-growing waves. 

The principles of backward wave amplification may be applied 
with advantage to tubes in which the electron beam interacts 
with the r.f. wave in a space spanned by crossed electric and 
magnetic fields. The magnetron oscillator has demonstrated the 
high efficiency of this type of interaction and has shown that 
the operating voltage for a given power output is considerably 
less than for a klystron or travelling-wave tube. Magnetron-type 
interaction has not proved very successful in forward-wave 
amplifiers, because the mechanism which leads to efficient 
operation causes the gain per unit length to be low. Backward- 
wave amplifiers have a higher rate of gain than forward-wave 
amplifiers under similar operating conditions, and it is therefore 
not surprising that crossed-field tubes of this type are proving 
successful. Tubes have been built with power gains of 10dB 
over a voltage-tuned bandwidth of 10%. Operating at about 
1-3Gc/s, a pulsed power output of 1 MW has been obtained*® 
at efficiencies up to 70%. 
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Fig. 12.—The cascade backward-wave amplifier (diagrammatic). 


»hase velocity directed in the opposite sense to the power flow 
of the total field. An electron beam travelling in synchronism 
with one such wave interacts with it, becomes bunched and is a 
source of r.f. power travelling one way. The field itself carries 
dower in the opposite direction, so that feedback is present even 
though the waveguide may be matched at both ends. Such a 
system oscillates if the beam current exceeds some critical value, 
and the frequency of oscillation is tunable over a wide band 
simply by adjustment of the beam voltage.3+ *4 

For currents below the critical value the system is stable and 
S capable of amplifying a signal injected at the collector end 
of the tube, the output being taken off at the gun end. The 
orincipal characteristics of the arrangement are high gain per 
mit length, narrow bandwidth, e.g. 10 Mc/s at 3Gc/s, and a 
sentre frequency tunable over a wide range by change of the 
Neam voltage. 

The prime disadvantage of a tube with a single circuit is 
hat high gain is obtained only with currents close to the 
yalue for start of oscillation. The gain is then very dependent 
yn the beam current. Recently it has been shown that a tube 
with two or more circuits arranged in tandem gives a sub- 
tantial improvement in performance,*> the arrangement being 
kown diagrammatically in Fig. 12. The two circuits are 
‘ecoupled, and the result is that appreciable gain may be realized 
“th a current well below the critical value for either section. 
Piis means that the performance is much less sensitive to changes 
nthe beam current. Further advantages are that the input and 
vatput lines are decoupled and the bandwidth may be adjusted 
© some degree by operating the two circuits at different voltages. 
‘sis is analogous to the stagger-tuning of multi-cavity klystrons. 

The problems of beam formation and circuit design are the 
“me as for forward-wave amplifiers, but there is an essential 


(6) CONCLUSIONS 

Ten kilowatts is a conservative estimate of the mean power 
available from a single amplifier tube designed to operate in the 
range 300-3000Mc/s. At the lower end of this band con- 
siderably more power should be obtained without difficulty. 

Triodes and tetrodes compare favourably in size and efficiency 
with other types of amplifier at frequencies up to about 1 Ge/s. 
They are regarded as being unsuitable for use as power ampli- 
fiers at higher frequencies, because they would require an unduly 
high loading of the cathode and close spacing of the electrodes 
if designed to function satisfactorily. They have low gain and 
a bandwidth of not more than a few per cent of the operating 
frequency. 

The klystron is currently the most highly developed power 
amplifier for the u.h.f. band. It can be designed to have high 
stable gain, good power-handling capacity and reasonable 
efficiency. It operates with a high beam voltage and has an 
instantaneous bandwidth which is about the same as that of a 
triode. 

Travelling-wave tubes designed for a bandwidth of one octave 
are limited in their mean power output by overheating of the 
helix. Tubes built with other forms of slow-wave structure can 
handle much more power, but the bandwidth is only some 
5-10°% of the mid-band frequency. Most tubes operate with a 
high beam voltage and a moderate power gain. 

Backward-wave amplifiers based on crossed-field interaction 
are the latest addition to the range of u.h.f. power amplifiers. 
Although they require the beam voltage to be varied to tune 
them over an appreciable frequency band, they have the merits 
of an inherently high efficiency and low operating voltage. 
Their gain is low, but their size is not unreasonable. 

It is clear that significant improvements in the tube per- 
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formance are to be expected and development is proceeding now 
with the emphasis on tubes which, individually, will amplify 
efficiently and reliably over a wide bandwidth. 
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AMPLITUDE-MODULATED TRANSMITTER CLASS-C OUTPUT STAGE 
Operating Conditions when the Load Impedance Varies over the Working Frequency Band 


By C. G. MAYO, M.A., B.Sc., and H. PAGE, M.Sc., Members. 
(The paper was first received 18th February, and in revised form 21st June, 1958.) 


SUMMARY 


The mode of operation of the amplitude-modulated transmitter 
‘lass-C output stage is discussed, with particular reference to the 
ase where the load impedance varies over the working frequency band; 

typical example is that of a long-wave broadcasting transmitter. 
‘he impedance presented to the anode must be symmetrical with 
espect to the carrier frequency if non-linear distortion of the radiated 
gnal is to be avoided. The carrier can be modulated fully at high 
udio frequencies if the impedance rises symmetrically (but not if it 
alls symmetrically) on each side of the carrier frequency. 


LIST OF PRINCIPAL SYMBOLS 
~«7 = Capacitance of tank-circuit condenser. 
iq = Anode current. 
i,q = Direct component of anode current. 
ig = Peak value of fundamental component of anode current. 
-m, = Depth of modulation of anode current. 
= Depth of modulation of applied anode voltage. 
my = Depth of modulation of radiated field. 
R cq = Source resistance of class-C valve in d.c. condition. 
Ro = Source resistance of class-C stage in idealized case (angle 
of current flow vanishingly small). 
Re = Source resistance of class-C stage in practical case (angle 
| of current flow 6). 
-V, = Direct voltage applied to anode of class-C valve. 
Z, = R, + jX, = Impedance presented to class-C stage. 
Z,, = Impedance presented to modulator. 
1 = Efficiency of class-C output stage. 
6 = Angle of anode-current flow in class-C stage. 
«#,, = Angular frequency of modulation; the angular frequencies 
of the corresponding r.f. sidebands are w + w,,. 
w = Angular frequency of carrier. 


(1) INTRODUCTION 


The working frequency band of a long-wave broadcasting 
transmitter is comparable with the carrier frequency. In 
iddition, the aerial usually has a low radiation resistance and a 
eactance which varies rapidly with frequency. The output 
tage of the transmitter is therefore required to work into a load 
vhose impedance varies appreciably over the working band. 
onsequently, unless special precautions are taken, the radiated 
ignal will suffer distortion; throughout the paper the term 
distortion’ is restricted to mean non-linear distortion of the 
nodulation, since non-uniformity of the frequency characteristic 
22 be corrected easily. 

Dne solution is to make the impedance of the load presented 
o ‘he output stage as uniform as possible over the working band, 
Yy means of reactance-correcting networks in the aerial circuit." 
‘is method is described in the Appendix to Reference 1, and 
ves adopted in one of the long-wave transmitters used at the 
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B.B.C.’s_ Droitwich station, which incorporated a_ series- 
modulated output stage. Since the load impedance could not 
be made sufficiently uniform, distortion was avoided by making 
the reactance-corrected impedance symmetrical with respect to 
the carrier frequency. Throughout the paper, for brevity, the 
term ‘symmetrical’ is applied to impedance characteristics in 
which the resistive component is symmetrical and the reactive 
component is skew-symmetrical with respect to the carrier 
frequency. 

It is also permissible to present to the output stage a sym- 
metrical impedance without any reactance correction,” and then 
to achieve a uniform frequency characteristic by equalization. 
Sandeman? discussed the operation of a class-C output stage 
(a valve biased to pass short pulses of anode current) working 
into a symmetrical impedance; he concluded that it is impossible 
to modulate the output stage fully. It will be shown later that 
this conclusion is incorrect. 

The class-C output stage is commonly used now in high- 
power installations, because of its high efficiency; it is therefore 
of great practical importance. The purpose of the paper is to 
discuss this case, and to compare the performance when different 
types of network are used for coupling the aerial to the trans- 
mitter. In practice, another important consideration is that of 
the current and voltage ratings of the components required, but 
such calculations present no difficulty and need not concern 
us here. 

Section 2 deals with the form of impedance characteristic 
presented to the output stage, Section 3 with the idealized 
operating conditions of the a.m. stage and the associated 
modulator, and Section 4 with the difference between the 
idealized and practical cases. Section 5 gives the results of an 
experimental investigation. 


(2) THE LOAD-IMPEDANCE CHARACTERISTIC 

The impedance characteristic typical of a long-wave broad- 
casting aerial is shown in Fig. 1(a); here w,, is the difference 
between the angular frequency under consideration in the rf. 
band and the carrier angular frequency. By a combination of 
series and parallel reactances the aerial impedance may be 
transformed into the equivalent circuit shown in Fig. 1(6). The 
series resistance, R, is made the same at the extreme sideband 
frequencies, and is approximately constant over the intervening 
band; the series reactance is approximately equal to j/Rkw,,, 
where k is a constant depending on the dimensions of the aerial. 
The impedance rises symmetrically on each side of the carrier 
frequency to R(1 + k?w2)!'/?; we shall refer to this as the 
‘symmetrical rising impedance’. 

If the aerial circuit shown in Fig. 1(6) is preceded by a matched 
quarter-wave network (i.e. a network introducing a phase change 
of 7/2 rad), the resulting impedance falls symmetrically on each 
side of the carrier frequency to R(1 + k*w2,)—"/?; the equivalent 
circuit is shown in Fig. 1(c). We shall refer to this as the ‘sym- 
metrical falling impedance’. 

Here we have tacitly assumed that the transfer parameters of 
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Fig. 1.—Load-impedance characteristic. 


(a) Typical impedance characteristic of a long-wave aerial. w,, is the difference 
between the angular frequency under consideration in the r.f. band and the carrier 
angular frequency. 

(6) Aerial circuit having an impedance rising symmetrically at sideband frequencies. 

(c) Aerial circuit having an impedance falling symmetrically at sideband frequencies. 


the quarter-wave network are independent of frequency. A 
practical quarter-wave network increases the value of k, but 
generally to a negligible extent; it does not affect the symmetry 
of the impedance characteristic, provided that minor adjust-* 
ments are made to the reactances in the aerial circuit. Similarly, 
the symmetry is unaffected by either the tuned anode circuit or 
the additional networks between the aerial and the transmitter 
output stage, provided that the total electrical length of these 
networks is an integral multiple of 7/2rad. If the integer is 
even, the symmetry is preserved without change of form, but if 
it is odd, the symmetrical rising impedance is transformed into 
the symmetrical falling impedance and vice versa. 

For distortionless transmission the components of the radiated 
field at the complementary sidebands should be equal in ampli- 
tude and symmetrical in phase with respect to the carrier. The 
change in shape of the vertical radiation’ pattern of the aerial 
over the working band is negligible; the powers associated with 
the complementary sidebands must therefore be equal. Dis- 
tortionless transmission is therefore achieved if an undistorted 
envelope of the modulation is obtained in an anode impedance 
which is symmetrical with respect to the carrier frequency, since 
in this case the phase/frequency transfer characteristic is sub- 
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stantially symmetrical. It is not necessary, for instance, for tli, 
resistance R in Fig. 1 to be constant over the working freque 


band. ; i\ 
If the network connecting the symmetrical load impedance 


the output stage has an electrical length other than an integr)) 
multiple of 77/2 rad, the impedance presented to the output sta; 


in this case. 


(3) OPERATING CONDITIONS IN THE IDEALIZED CA s 
(3.1) The Class-C Stage 


(3.1.1) Carrier Unmodulated, Anode Circuit in Tune. 


The circuit diagram of the idealized class-C stage is shown W 
Fig. 2. R is the load resistance, L the inductance of the cc» 
and C the capacitance of the condenser in the anode tune) 
circuit, or tank circuit. The anode load is usually a virtual 
pure reactance at the harmonic frequencies, or it is made so ty 
the inclusion of filters. The harmonic filter shown is taken > 


HARMONIC 
FILTER 


R.F. BY-PASS 
CONDENSER 


GRID DRIVE 


NEGATIVE 
BIAS 


Fig. 2.—Circuit diagram of class-C stage. 


have zero reactance at the fundamental frequency and a hig 
reactance at the harmonic frequencies. 

We will assume that the valve is heavily biased, passir) 
infinitesimally short pulses of current, that its internal impedan« 


which the cathode can supply. At the start of the pulse a vei} 
large current flows; it decreases exponentially as the tank-circu | 
condenser becomes charged, and continues until the anoc! 
voltage is reduced to that of the cathode, which is taken as zeri! 
The anode current therefore takes the form of impulses of larg} 
amplitude but short duration, repeated at time intervals of 27/¢} 
If we write the fundamental component of anode current ¢) 
igg COS wt, it follows from the Fourier expansion for a repeate 
impulse that the anode-current pulses occur at wt = 0, 27, .. 
that the direct component of anode current, i,,, is given by 


ind Eiyl2» mo ee 


and that the quantity of electricity flowing during each pulse 
wi,f/w. This instantaneous change in charge can be accon. 
modated only by the condenser C; there is therefore a step ¢ 
mi,¢]Co in the voltage across C, and a corresponding step « 
opposite sign in the anode voltage. The ratio between the ste 
and peak value of the fundamental component is therefoi 
7/(RCw), or 7/Q, where Q is the Q-factor of the load presente 
to the anode. 
The fundamental and harmonic components of the ano¢ 


current are in phase at wt = 0,27,... Since the anode loa 
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i pure reactance at harmonic frequencies, the total harmonic 
tage across the tank circuit is zero at the troughs and crests 
the fundamental component; it is also skew-symmetrical with 
pect to wi = 0,27,... The value of Vy minus the funda- 
mtal component of tank-circuit voltage at these instants is 
refore one-half of the step. It follows that 


Vo a Rigg == Tig¢|(2Ca) 
Vo ==> iag(R a Roo) . ° ° . (2) 


ere Ko Cayenne) 54 os B) 
other words, so far as the fundamental component is con- 
ned, the valve behaves like a source having a peak e.m.f. of 
and a source resistance of Ro; R,o is usually small compared 
hh R. The anode-voltage waveform for this idealized case is 
»wn in Fig. 3(a). 


: 
_ ANODE 
VOLTAGE 


(a) 


Reotat 


(8) 


Fig. 3.—Anode-voltage waveforms (idealized case). 


(i) Anode voltage. 
(ii) Vy plus fundamental component of anode voltage. 


(a) Anode circuit in tune. 
(6) Anode circuit mistuned. 


Ve will designate the impedance presented to the modulator 
zero frequency by Z,,(0). From eqns. (1) and (2) it follows 
t 

ZnO) = Voliag = 2Voligg = 2CR + Roo) (4) 


he efficiency of the stage, 7, is defined as the ratio between 

r.f. output power and the power supplied to the anode. 
ollows that 

> Riz, = 1 a 1 

fae 2V diag =) 


= (5) 
ee ee eee 

R 20 
2 = 10, for instance, the efficiency is 87%. 
* view of the idealized conditions assumed, it might at first 
eur that the efficiency should be unity. However, power is 
@ 8 lost if a condenser is charged directly from a battery, 
* the initial current tends to infinity. If, in our case, the 
"val resistance of the valve in the d.c. condition is R,4, the 
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anode voltage immediately prior to the step is wi,¢/(Cw); the 
anode current, i,, is then given by 


Spc Tig f (— t ) 
([CoRE Ew? CRE 


The power loss in the valve is therefore 


2r/w 


ra) 

w F Um 

=| Rigiedt = Reo a 
0 


since we may take the contribution from the upper limit as zero. 
This result is independent of Rg, and applies even if R,4 is a 
function of i,, as will usually be the case. The calculated power 
loss in the valve is consistent with the expression for the efficiency 
in eqn. (5). 

Throughout the remainder of the paper we shall be con- 
sidering the effects either of mistuning, or of modulating, the 
class-C stage. For these cases it is convenient to work in terms 
of the r.f. impedance presented to the class-C stage, i.e. the 
impedance of the combined aerial load, tank circuit and any 
intervening networks. This impedance will be called the anode 
impedance and designated Z, = R, + jX,; correspondingly we 
will write Z,(w,,) = R,(@,,) + jX,(@,,) as the anode impedance 
at an angular frequency (w + w,,). In the modulated case w,, 
is the angular frequency of the modulation. The harmonic filter 
ensures that R, is zero at harmonics of any frequency. 


(3.1.2) Carrier Unmodulated, Anode Circuit Mistuned. 


The anode impedance in this case is R,(0) + jX,(0), where 
X,(0) is a measure of the degree of mistuning. For anode 
current pulses at wt = 0, 27,... the fundamental component 
of anode current must be of the form i,,cos wf; the corre- 
sponding tank-circuit voltage can be written 


ig[R,(0) cos wt — X,(0) sin wt] 


The fundamental components of anode current and anode 
voltage are therefore not in phase. Since the sin wt term is 
zero at wt = 0,27,..., so far as the valve is concerned the 
value of X,(0) is immaterial; it follows that eqns. (2) and (3) 
apply in this case also, with R,(0) replacing R. 

Compared with the case when X,(0) = 0, the fundamental 
component of tank-circuit voltage is increased in the ratio 
[R2(0) + X2(0)]'/7/R,(0), and is advanced in phase relative 
to the fundamental component of anode current by 
arc tan [X,(0)/R,(0)]; the anode voltage may therefore swing 
below zero if X,(0) is sufficiently large. Fig. 3(6) shows the 
anode-voltage waveform for a case in which the anode impedance 
is capacitive. 

We therefore adopt the following procedure whether the 
anode circuit is in tune or not. An anode current with a funda- 
mental component i,-,cos wf is postulated, and the associated 
fundamental component of tank-circuit voltage is calculated. 
The applied voltage minus the tank-circuit voltage must then 
be equal to Roi, when wt =0,27,... Ro has the value 
given in eqn. (3), but it is no longer equivalent to a source 
resistance when the anode circuit is mistuned. 


(3.1.3) Carrier Amplitude Modulated, Symmetrical Anode Impedance. 
The anode impedance corresponding to an angular frequenc 
(wo + wm) iS RA@m) +jX(H»); since it is symmetrical with 
respect to the carrier frequency, R,(w,,) = R,(—w,,) and 

X (Om) = —XGq(—-@y»)- 
Suppose that we have established a condition where the 
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fundamental component of the anode current is modulated to a 
depth m, at an angular frequency w,,. It may be written 


iy(l + m, COS Wt) cos wt = tig [m, Cos (W — W,y)t 
+2cos wt + m,cos(w + w,,)t}] (6) 
The corresponding fundamental component of tank-circuit 
voltage is 
Sigg [MR AW) COS (W — W,)t + M,X(@m) SIN (W — Wy,)t 
-+ 2R,(0) cos wt + m,R,(@m) Cos (w + w,,)t 
=m. {w,,) sn(@ + @,)t) 2 . s © © @) 
When wt = 0, 27, . . . expression (7) becomes 
bor [MR AW) COS Omt — MX») SIN Wt + RO)] (8) 
It follows from the last paragraph of Section 3.1.2 that 
Applied voltage 
= ig [MR A@,,) COS Ont — MX (Wm) SID Wyn 
+ R,(0) + Roo(1 + m, cos w,,t)] 
= i {RA0) + Roo] 
{ teow. [R,(@) +Reo aware ((@,,) Sin a (9) 


This can be written Vj(1 + m, cos w,,t), where m, is the depth 
of modulation of the applied voltage. We will express m,/m, as 
a complex number; the modulus is the ratio of the depths of 
anode-current and anode-voltage modulation, and the argument 
gives the relative phase. 


ip = Yo 
oak Oe Ra 


Me, R,(0) + Roo ERO Ry 
My [RA@m) ze Reo] 3 ij X(@m) Zim) an Ro 


In other words, the anode-current modulation is a distortion- 
less version of the applied modulated voltage, but differs in 
depth in the ratio |R,(0) + R,o|/|Z,(w,,) + R,o| and is retarded 
in phase by arc tan {X (on) [RA@n) + Rol 

For the reasons given in Section 2, the envelope of the radiated 
field will also be a distortionless version of the applied modulated: 
voltage. The depth of modulation, m,, is given by 


My ae eal 
m. | R,0) 


mM, 

The radiated signal is therefore distortionless, provided that 
the anode-impedance characteristic is symmetrical. A typical 
anode-voltage waveform is shown in Fig. 4(a). The peaks of 
the fundamental component of anode voltage nearly (but not 
quite) follow the applied modulated voltage, and the troughs 
follow the locus of the half-steps of anode current. Fig. 4(q) is 
drawn for the case when m, < m,, i.e. for the symmetrical falling 
impedance; the corresponding waveforms for the symmetrical 
rising impedance would be similar, except that m, would then 
be less than m,. However, the maximum achievable modulation 
depth for these two cases differs, and this point is discussed next. 


Hence (10) 


and 


(11) 


(12) 


(3.1.3.1) Symmetrical Falling Impedance. 


For symmetrical falling impedance the ratio m,/m, given by 
eqn. (11) is greater than unity. When m, = 1, the anode 
current, and simultaneously the anode voltage in the troughs, 
passes through zero at one point in the cycle. If the depth 
of voltage modulation is increased, the anode-voltage envelope 
can remain in step only if the valve passes a reverse current. 
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Since this is not possible, as the applied modulated volt) 
falls the anode voltage in the troughs falls with it, ¢| 
becomes negative with respect to the cathode at the tir 
when the pulses of anode current would normally flow. The) 
after the anode voltage follows a damped oscillation, with |) 
steps, until the applied modulated voltage increases sufficier) 
to raise the anode voltage above zero. Consequently, the de) 
of modulation of the radiated field cannotexceed[R,(w,,)/R(0)| 
without introducing non-linear distortion of the modulation.) 

Fig. 4(6) shows the anode-voltage waveform when my, =| 
i.e. m.>1. In that part of the modulation cycle requir ) 
reverse anode current the r.f. envelope is ‘flattened’, as i 
saturated amplifier. 


(3.1.3.2) Symmetrical Rising Impedance. 


For symmetrical rising impedance the ratio m,/m, gi 
by eqn. (11) is less than unity. To modulate the k 
current fully we must therefore modulate the applied volt 
to a depth which is greater than unity. But there is 
reason why the anode voltage should not be permitted 
swing below zero; the steps now appear on the troughs) 
the waveform during part of the cycle, and on the crests 
the remainder of the cycle, as shown in Fig. 4(c). The an 
current can therefore be fully modulated; the depth of modi: 
tion of the radiated field, m,, is then given by eqn. (12). i 

If the tank-circuit reactance can be neglected, and if © 
equivalent circuit of the aerial is as shown in Fig. 1(b) we 
R(@,,) = R,(0), the radiated field can be fully modulated. - 
for the symmetrical rising impedance the effect of the ta 
circuit reactance is to make R,(w,,) > R,(0). Not only | 
modulation, but genuine overmodulation, of the radiated fil 
is therefore possible; an example is given in Section 5.4. 


(3.1.4) Carrier Amplitude Modulated, Asymmetrical Anode Impedai! 
Suppose next that 


RA —Om) = Rm) — (Om), RKOm) = Rm) + Om} 
X(—Om) = —X(Wm) + Xm), X(@m) = X(@y) + MG 


where r(w,,) and x(w,,) are the deviations of load resistance i 
reactance, respectively, from the symmetrical components R(«) 
and X(w,,). 
Proceeding as in Section 3.1.3, we find that, in this case a}: 
the anode-current modulation is a distortionless version of 
applied modulated voltage, but differs in depth in the ratio gilt 
by eqn. (11) with R(w,,) replacing R,(w,,) and X(w,,) replacs 
X,(@,,); this ratio is independent of the values of r(w,,) ‘|| 
X(W,,). But since R,(—w,,) ~ R,(w,,), the powers in lt 
complementary sidebands are unequal. It therefore foll 
from Section 2 that an asymmetrical load impedance result: 
non-linear distortion of the envelope of the radiated field. 


i) 


(3.2) The Modulator 


The audio-frequency current supplied by the modulator }j 
be regarded as a slowly varying direct current supplied to) 
class-C stage. For voltage- and current-modulation depths: 
m, and m, respectively, it follows from eqns. (4), (10) and } 
that the impedance Z,,(w,,) presented to the modulator at 
angular frequency w,, is given by } 


2V, 

ZnO) = a Ee 2[Z,(@p»,) ot Rio] 
lof Me, 

In the case of an asymmetrical anode impedance the same re ' 


applies with Z,(w,,) replaced by the symmetrical compot | 
defined in Section 3.1.4. 


As the modulation frequency increases, the symmetrical fal 
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VOLTAGE 
OR CURRENT 


VOLTAGE 
OR CURRENT 


Fig. 4.—Anode-voltage waveforms (idealized case). 


(Gi) Envelope of anode yoltage. 
Gi) Envelope of anode current. 
Gii) Envelope of half step. 
(iv) Anode-voltage waveform. 


(a) my <= 1, me. < 13 


{ 


iracteristic consequently presents a falling impedance to the 
»dulator, and the symmetrical rising characteristic presents a 
ing impedance. Unless special precautions are taken, there- 
’e, the frequency characteristic of the modulator will be 
ected by the non-uniform load impedance presented to it. 
is can be corrected in a low-power a.f. stage, but the maxi- 
m modulation depth achieved may then be limited by the 
wer-handling capacity of the modulator. Alternatively, the 
pedance presented to the modulator may be equalized by 
4s of reactance elements; but the cost of such high-power 
donents may be large, and it may be just as convenient and 
“49 to equalize the impedance of the anode load presented to 
-“Jass-C output stage. 

li a practical case the r.f. by-pass condenser from the tank 
“vit to earth may also have an important effect on the impe- 
1-2 presented to the modulator; it may, however, be possible 
i) 2orporate it in the equalizing network mentioned above. 


(b) my = 1, me > 1; symmetrical falling impedance. 
(c) my > 1, me = 1; symmetrical rising impedance. 


(4) OPERATING CONDITIONS IN THE PRACTICAL CASE 


So far we have idealized conditions by assuming that the 
class-C valve has a vanishingly small d.c. source resistance, and 
that the anode current takes the form of infinitesimally short 
pulses. In practice, the valve has a finite internal resistance of 
R.a- Provided that the grid drive is sufficient, the valve may 
be regarded as a switch which is closed when the grid voltage is 
sufficiently high to permit the valve to conduct. The equivalent 
circuit is shown in Fig. 5*; it is assumed that the tank circuit is 
in tune. The anode current can be determined in specific cases, 
but to obtain a general result it is necessary to make approxima- 
tions. We will assume that the duration of the current pulse is 
small, but not vanishingly small as heretofore. It will be defined 
by the angle of current flow, 0, where @/w is the pulse duration; 


* If the grid voltage is allowed to exceed the anode voltage at any instant there are 
subsidiary effects and our equivalent circuit is no longer valid; this case is excluded. 
In other respects, too, our equivalent circuit is greatly simplified, in order to facilitate 
the analysis. 
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HARMONIC 
FILTER 
f------- 


RF. ‘BY-PASS 
CONDENSER 


Fig. 5.—Equivalent circuit of class-C stage. 


@ is assumed to be sufficiently small to make 1 — cos4@ <1. 
The fundamental component of anode voltage [curve (a) in 
Fig. 6] is then virtually constant throughout the pulse. The 
anode voltage at the beginning of the pulse may therefore be 
taken as Vo — R,(O)igr + Rola, since, from Section 3.1.1, the 
tank-circuit voltage decays over one half-cycle in the ratio 
1 — [R.o/ R,(0)]. 

During the current pulse it is permissible to neglect the current 
in L and R in Fig. 5 compared with that in C; we obtain 


ae. Vo — RO)iar = Reolaf 5 t1CRea 
os Rea 


where ¢ is the time from the start of the pulse. The anode- 
current waveform is shown in Fig. 6; it rises initially to a value 


ANODE 
VOLTAGE 


(c) 


wt 


Fig. 6.—Anode-voltage and anode-current waveforms for circuit shown 
in Fig. 5. 


(a) Vo plus fundamental component of anode voltage. 
(6) Anode voltage. 
(c) Anode current. 


determined by R,,; decreases exponentially, and terminates 
abruptly when t = 0/w. Since 6 is assumed to be small, the 
peak value of the fundamental component is given by 


6/a 
; Gir Cw : ; 
ee at ig sal 0 — Rigg + Reoiag (1 — 7 9/CoRed) 


Let Vo = lof [R,(0) + Ro] 


where Rg is the effective source resistance of the stage for an 
angle of current flow @. Using the value for R.o given in 
eqn. (3), we have 


jp ae €—9/CoRca Q 
Re = Reo(; a Wars) = Roo coth Gar) (14) 


1 
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To give the performance of the practical class-C stage, the) 
fore, we must replace R.o in the formulae in Section 3 by 1); 
For instance, eqn. (5) can be used to give the efficiency in | 
practical case for any load resistance. ; 

We see from eqns. (3) and (14) that, when @ is very small, ! 


Roe = Rg? . . . . . . ( 


whereas R.o is 77/(2Cw); unlike R,o, therefore, Ri» is independ» 
of C when @ is very small. Moreover, even when @ is not v/ 
small, R.9 does not depend greatly on C, provided ti 
O/CwR.g <1. . 

A further effect of the finite resistance of the valve is tl 
since the minimum anode voltage is proportional to the ani 
current at the end of the pulse, the voltage minima in curve} 
of Fig. 6 will follow the anode-current modulation; in the ideali a 
case shown in Fig. 4, on the other hand, the voltage minima} 
on the zero-voltage axis. 


(5) EXPERIMENTAL RESULTS 


(5.1) The Experimental Arrangement 


The circuit diagram is shown in Fig. 7. For conveniencts 
receiving-type valve (type EL84) was used, working on a car) 
frequency of 180kc/s; the output power was about 2 wa) 
The modulation frequency was made a submultiple of the car) 


QUARTER-WAVE 
NETWORK 


+180V 000 


SYMMETRICAL FALLING 
LOAD IMPEDANCE 


} oT 
Rg(@mp)+ jX ql) : 
t ° 


EL94 : 


Ber 


GRID DRIVE MIG 
C= SiS 


SYMMETRICAL RISING 


NEGATIVE BIAS LOAD IMPEDANCE 


R.E BY-PASS 
CONDENSER 


Fig. 7.—Circuit diagram of experimental arrangement. 


frequency, in order to obtain a stationary display of the we) 
forms on the screen of the cathode-ray tube. 
tion frequency was chosen (11:25kc/s), in order to exagger: 
the effects under investigation. A low-impedance drive Sov? 
was used in order to minimize feedback from the anode circ = 

The symmetrical rising impedance was simulated by a ser} 
tuned circuit; it included a transformer to simplify connect 
of the oscillograph. A symmetrical falling impedance 1 
obtained by adding a quarter-wave network in cascade. 


(5.2) Internal Resistance of the Class-C Stage 


The effective source resistance was found by measuring © 
fundamental component of output voltage with various h 
resistances and for two values of 6, namely 50° and 100°. 
series-tuned circuit was connected in series with the h 
resistance to act as a harmonic filter. The results are showr 
Fig. 8; the reciprocal of the output voltage and the load ¢ 
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RECIPROCAL OF OUTPUT VOLTAGE 


01 0:2 0-3 O-4 
LOAD CONDUCTANCE, MILLIMHO 


Fig. 8.—Reciprocal of output voltage as a function of load 
conductance. 


ctance are linearly related, demonstrating that the stage 
plays a linear source resistance. The expérimental values 
cived from Fig. 8 are shown in Table 1. For comparison, 
» theoretical values given in eqn. (14) are also tabulated. 


Table 1 


INTERNAL RESISTANCE OF THE CLASS-C STAGE 


Effective source resistance 


Angle of current 
flow 


Measured Theoretical 


ohms 
3.300 
2 100 


the theoretical and measured values are in reasonable agree- 
mt, bearing in mind the approximations made in deriving 
2. (14). The theoretical method used therefore gives a useful 
ide to the value of R.», but if an accurate value is required, it 
ist be determined experimentally. 

The measured values of R,» in Table 1 were determined for a 
yply voltage of 180 volts, the value used in the experiment. 
Sts were also carried out with reduced supply voltages; for 
*h value the direct grid current was observed for the normal 
d drive and load resistance, and then maintained at this value 
the load resistance was changed, by controlling the grid drive. 
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The value of R.g was found to be the same for supply voltages 
down to 25 volts; in other words, the stage was linear up to 
high levels of modulation. 

In passing, it should be mentioned that the values of R,» given 
here apply to a receiving-type valve. They are not necessarily 
typical of those applying to high-power transmitting valves. 


(5.3) Anode Voltage and Current Waveforms 


Fig. 9 shows the anode-voltage and anode-current waveforms 
for two values of 8 (50° and 100°) and two values of QO (4 and 8); 
the horizontal lines correspond to voltages of 0, Vp and 2Vp. 


8 = 100° 


Q-4, Q-4, 


@ = 50° 


Fig. 9.—Anode-voltage and anode-current waveforms. 


The general shape of the current pulses is in accordance with 
expectations; the leading and trailing edges are much more 
gradual than predicted, but this is not surprising, in view of the 
somewhat crude assumptions made in Section 4. The difference 
is probably due to the controlling effect of the grid; this cannot 
be avoided if there is a large capacitance across the anode circuit, 
as in the conventional class-C stage. The ratio between the 
voltage step and the peak value of the fundamental com- 
ponent is in good agreement with the theoretical value for short 
pulses, namely 7/Q. 


(5.4) Modulation Characteristics 


The load circuits used are shown in Fig. 7, and their charac- 
teristics are summarized in Table 2. The load impedance was 


Table 2 


Symmetrical falling impedance Symmetrical rising impedance 
Parameter Angular frequency Angular frequency 
© — Om o @O + Wm ® — Wm ® Oo + Om 
kilohms kilohms kilohms | kilohms kilohms kilohms 
ac. 17421 5-7 +j0 i78 =" 72:0 4-7 —j6°8 5-0 +j0 5-2 + 6-8 
ack circuit .. e 479-2 oe) — 710-4 +j9-2 Comm —j10-4 
oud + tank circuit 1-2+ 1:9 5:3 + j0 1-2 — j1-8 11-9 + 73:3 4-8 + j0 12-0 —) 710 
-» (measured) 1) 6 Ry eS Bi 3 we 
node impedance = Za(wm) + Reo Seep MIRIGE JO" 1 AGA sls S a hiS:2 40 )3-Sae8°1! + j0---4115-3 =e 
cM 1-75 0-53 
f,Me 0-48 1- 58 
My 0-84 0-83 
aaa 
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measured after adjustment for symmetry, and the tank circuit 
after tuning at the carrier frequency. The load impedance was 
then readjusted to make the impedance of the combination as 
symmetrical as possible; this impedance is therefore only 
approximately equal to the parallel combination of the pre- 
viously measured load and tank-circuit impedances. 

The waveform of the modulated signal across the load resistor 
was photographed for different depths of modulation of the 
applied voltage. The radiated field would have a similar wave- 
form in this case, since the resistance is independent of frequency. 
The anode-voltage waveform (without the d.c. component) was 
also photographed, in order to study some of the features 
previously discussed. Only the portion near the voltage mini- 
mum is shown, since this is the region of greatest interest. 

The angle of current flow was maintained at 50° and the 
Q-factor was approximately 4:4 throughout this series of tests, 
in order to make the anode-voltage step more obvious in the 
photographs. The depth of modulation of the applied voltage 
was deduced by measuring the direct voltage and the a.f. voltage 
supplied by the modulator. 


(5.4.1) Symmetrical Falling Impedance. 

The results for the symmetrical falling impedance are shown 
in Fig. 10(a). For curve (i) my = 37% and m, = 47%; hence 
my[m, = 0:79—a value in good agreement with the ratio 
predicted in Table 2. The anode-current modulation, as indi- 
cated by the height of the steps in curve (ii), is advanced in phase 
with respect to the voltage modulation. For curve (iii), m, was 
increased until the steps at the centre of curve (iv) just disap- 
peared; mm, was then 63%. The measured value of my was 49%; 
from Table 2 the predicted value is 489%. For curve (v) m, was 
increased to 108%; the output envelope is distorted, being 
flattened in the negative part of the modulation cycle. The steps 
are absent from the corresponding part of the trace in curve (vi). 


(5.4.2) Symmetrical Rising Impedance. 


Fig. 10(5) is similar to Fig. 10(a), but applies to the symmetrical 
rising impedance; the measured ratio m,;/m, is in good agree- 
ment with the predicted ratio. The chief feature of interest is 
that, as shown in curve (iii), it is possible to modulate the radiated 
field fully; the steps on the anode voltage in curve (iv) then 
appear on the crests during that part of the cycle corresponding 
to overmodulation. It should, however, be mentioned that, in 
order to achieve full modulation without distortion, exact sym- 
metry of the anode-impedance characteristic is very important. 
The tuning of the tank circuit therefore requires great care, and 
should preferably be carried out in conjunction with a waveform 
display. It is also of interest to see from curve (v) that genuine 
overmodulation of the output signal is possible. This is because 
the compensating effect of the tank-circuit reactance results in 
the series resistance of the anode impedance rising at the side- 
band frequencies. 


Table 3 


Impedance presented to modulator (6 = 50°) 


CURRENT IN LOAD RESISTOR 


(iii) 


(a) 


©) 
CURRENT IN LOAD RESISTOR 


Fig. 10.—Load-current and anode-voltage waveforms. 


(6) 


(vi) 


ANODE VOLTAGE 


(vi) 


ANODE VOLTAGE 


(a) Symmetrical falling impedance. 
(6) Symmetrical rising impedance. 


(5.5) The Modulator 


Frequency Symmetrical falling impedance Symmetrical rising impedance 
Theoretical Measured Theoretical Measured 
ke/s kilohms kilohms kilohmis kilohms 
0 17-2 AM 16-2 17-1 
O5 117-270 | 18:1 70 | 16-270" e082 
P25 | 9-8 /—22°| 11-1 =i15* 31-07-83 RIGS Bek 


The impedance presented to the modulator was measured i 
means of a bridge. In order to avoid dilution of the requi | 
impedance by the r.f. by-pass condenser, the bridge was desigt 
both to incorporate this condenser and also to provide the di 
supplies to the class-C stage. In a practical case, of course, | 
reactance of the r.f. by-pass condenser is an additional para) 
load on the modulator. The results are shown in Table 3; th 
is reasonable agreement between theoretical and measured valu. 


| 
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(6) CONCLUSIONS 


\ symmetrical anode impedance permits the radiation of an 
jistorted output envelope, whereas an asymmetrical impedance 
ss not; only symmetrical anode impedances are therefore con- 
ered in the following conclusions. 
[The symmetrical falling impedance imposes a limit on the 
oth of modulation equal to the square root of the ratio between 
, resistive component of the anode impedance at the extreme 
eband frequencies and that at the carrier frequency. In 
ictice, the depth of modulation at the upper audio frequencies 
not usually high, and it is a matter of opinion whether this 
tation is important. On the other hand, in the case of the 
etrical rising impedance the radiated signal can be fully 
dulated, but the degree of symmetry must then be high to 
nieve this condition. 
The impedance presented to the modulator is twice the sum 
the anode impedance at the upper sideband frequency arid the 
iree resistance of the class-C stage. The frequency charac- 
istic will therefore be affected to an extent depending on the 
arce impedance of the modulator. If only low depths of 
sdulation at the upper audio frequencies are catered for, the 
alization can be included in an earlier part of the a.f. chain. 
gher depths of modulation can be achieved, apart from the 
‘itation referred to above, by equalizing the a.f. impedance 
sented to the modulator, using reactance elements. In 


. 


practice it may be easier and cheaper to equalize the r.f. load 
impedance. The r.f. by-pass condenser from the tank circuit to 
earth will also affect the impedance presented to the modulator. 

The anode circuit having a symmetrical falling impedance has 
the advantage that the peak voltage at the modulator output 
will be less than for the circuit having a symmetrical rising 
impedance. 
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THE REDUCTION OF LOW-FREQUENCY NOISE IN FEEDBACK INTEGRATORS 
By E. M. DUNSTAN, M.Sc., and M. J. SOMERVILLE, B.Sc., Graduate. 


(The paper was first received 19th December, 1957, and in revised form 30th May, 1958.) 


SUMMARY 


Two methods of designing a feedback integrator for use with 
repetitive inputs are described. Each results in a considerable improve- 
ment in signal/noise ratio compared with that of a conventional 
direct-coupled integrator. 

The first method uses an error amplifier containing a single CR 
coupling. In the second, phase correction is applied to the output 
from a low-accuracy direct-coupled integrator, increasing the accuracy 
but retaining the relatively high signal/noise ratio of the low-accuracy 
integrator. 


LIST OF SYMBOLS 
f, = w,|/27 = 1/2T, = Repetition frequency of the input signal. 
M, M,, M2, M; = Integrator closed-loop gains. 
A, A,, Az, A; = Error amplifier gains. 
T, T;, Tz, T; = Integrator time-constants. 
ps Unis Up2» Mp3 = Amplitudes of in-phase error com- 
ponents. 
Ugs Ugis Ug2, Ug3 = Amplitudes of quadrature error com- 
ponents. 
Unis Ung = Amplitudes of low-frequency sinusoidal 
noise voltages. 
V,, = Amplitude of total low-frequency out- 
put noise. 
o?, o2 = Mean-square amplitudes per unit band- 
width of random noise. 
V2 = Mean-square amplitude of total random 
output noise. 
Vis Vsis Veo, Vez = Peak value of output signal from 
integrators. 
5, 52, 53 = Fractional errors. 

fe = [27 = Corner frequency of direct-coupled 
integrator. 

To = RoCo = Time-constant of coupling in CR- 
coupled integrator. 

T, = R,C, = Time-constant of stabilizing network in 
CR-coupled integrator. 

fo = Wo/27 = Unity open-loop gain frequency for 
CR-coupled integrator. 

f; = w;/27 = Cross-over frequency of low- and high- 
frequency asymptotes in CR-coupled 
integrator. 

Pm = Phase margin of CR-coupled integrator. 
“ =(1 + C,/Co) = Constant relating to stability of CR- 
coupled integrator. 


Dp RAC, ‘\. _ Constants of the compensating network 
k = Raf(Ra + Rs) fused with the phase-corrected inte- 
grator. 
J; = w3/2n = Corner frequency of phase-corrected 
integrator. 


T, = High-frequency time-constant of the 
error amplifier, 


__ Written contributions on papers published without being read at meetings are 
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(1) INTRODUCTION 


The perfect electronic integrator is characterized by 
transfer function 


With a sinusoidal input (p = jw) the integrator gain/freque: 
response therefore falls at 6dB/octave and has a constant ph e 
shift of 90°. Thus at low frequencies the gain becomes v" 
large, and an extremely small low-frequency noise can prod 
an appreciable disturbance at the integrator output. This” 
herent characteristic thus imposes a severe limitation on © 
practical use of the electronic integrator. : 
One general application in which excessive low-freque™ 
output noise is often encountered occurs when a flux wavefc) 
is to be obtained and measured (Section 10.4 of Reference); 
This may be accomplished by integrating the e.m.f. induced i: 


Ie 


for example when the B/H loop of a small ferromagnetic sam} 
is required, pick-up and amplifier noise can easily result in 
intolerable output signal/noise ratio. a} 

In this and similar applications the integrator input i) 
repetitive signal with a mean level of zero. The repetition 
quency f, is then the lowest signal frequency present in the ing! 
Accurate integration is therefore only required above the # 
quency f,, and it is possible to modify the perfect integra): 
characteristics so as to reduce the gain and hence the ne 
output at low frequencies. i 

Fig. 1 shows the modification to the low-frequency respor}: 


! 


1000 


GAIN 


1 10 


100 
f,cls a 


Fig. 1.—Low-frequency integrator characteristics. 


----- Perfect integrator. 
(a) Direct-coupled integrator. 
(b) CR-coupled integrator. 
(c) Phase-corrected integrator. 


of the three different feedback integrators to be considel) 
Fig. 1(@) shows the frequency characteristic of a. conventic 
direct-coupled integrator, Fig. 1(b) shows the result of inclué 
a single CR coupling in the feedback loop, whilst Fig. 1(c) shi! 
the effect of phase correcting a direct-coupled integrator wt 
has a low-gain error amplifier. 
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Corresponding to the low-frequency open-loop gain require- 
ents, it is necessary to maintain the perfect integrator charac- 
istic up to a sufficiently high frequency to obtain adequate 
eed of response (i.e. to give proper integration of the highest 
put harmonics). An amplifier having effectively a single h.f. 
ne-constant is assumed (this characteristic being compatible 
th the high-frequency stability requirement of the feedback 
op), and a relation is obtained between the amplifier h.f. time- 
mstant and the required speed of response. 


(2) GENERAL CONSIDERATIONS 
(2.1) Input Waveform 


Calculation of the accuracy of an integrator must, in general, 
: performed for the specific input waveform encountered. A 
petitive waveform consisting of impulses of alternating sign 
e a differentiated unity mark/space ratio square wave) has 
ven selected for analysis, since it approximates to the input 
aveform in a number of practical cases, e.g. in flux measure- 
ents on magnetic cores. Thus, for the differentiated square- 
ve input, the analysis yields the deviation from the square- 
ave output which would result from perfect integration. 


(2.2) Representation of Errors 


in considering errors resulting from modification of the low- 
sguency response of an integrator, it is assumed that the 
aplifier gain remains constant at high frequencies. 


Fig. 2.—Feedback integrator. 


Analysis of the feedback integrator circuit, shown in Fig. 2, 
elds the following closed-loop gain at angular frequency w: 


= 4 


INVA a ee ese 1 
i+Td + Ajo 
mere T= CR 
t high frequencies this reduces to 
—A 
Muy = = 
HE Ti + Ajw 
vich represents a perfect integrator with a time-constant 


1+ AJA. 
Accurate measurement of integrator gain is normally obtained 
‘a bridge method (see Fig. 3), and the integrator time-constant 
rived from such a measurement performed with a high- 
>quency sinusoidal input has the value T(1 + A)/A. The error 


Fig. 3.—Measurement of integrator gain. 
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in integration is therefore best taken as the difference between 
the actual output and that of an ideal integrator of closed-loop 
gain 

viv; = —A[[TA + Ajo]. . . . @ 


At any frequency, the integrator error is represented by error 
vectors ¥, in phase and v, in quadrature with the ideal output 
v, (Fig. 4). For small errors, v, then represents the amplitude 
error and v, the phase deviation in the output. 


pont 


Fig. 4.—Representation of errors. 


If the differentiated square wave is expressed as a Fourier 
series, the integrator output is the summation of the series 
obtained by applying the sine-wave analysis to each frequency 
component in turn. This method may be applied, in general, 
to other input waveforms for which the Fourier series is known 
or can be obtained. 


(2.3) Output Noise 


The main sources contributing to the output noise of a feed- 
back integrator are as follows: 


(a) Noise already contaminating the input signal. 

(b) Valve noise such as microphonics, flicker noise, pick-up from 
heaters, etc. 

(c) Noise from the power supplies and from thermal drift of 
resistors in the amplifier. 


Contributions (5) and (c) constitute amplifier noise and may 
be lumped together to give an equivalent noise referred to the 
amplifier grid, since, at this point, its value is little influenced 
by the magnitude of the amplifier gain. Fig. 5 shows two noise 


ny R na 


em OUTPUT 


Fig. 5.—Equivalent circuit for noise signals. 


generators representing the input noise, ni, and the equivalent 
amplifier noise, ”,. 

Comparison of the relative noise outputs of the three inte- 
grators is considered for very-low-frequency noise, /and also for 
random noise having a flat frequency spectrum. 


(2.3.1) Low-Frequency Noise. 

It is assumed that nm; and n, are sinusoidal noise voltage 
generators having amplitudes v,; and v,,, respectively, and the 
comparison is restricted to frequencies low relative to /,, since 
it is here that a reduction in output noise is mainly required. 

At the output, 7; results in a noise Mv,;, where M is the 
integrator closed-loop gain; m, produces an output noise 
M(1 + Tjw)vnq Which, at frequencies below w = 1/T, has the 
value Mv,,. The total noise output is then 


Vint). 4 ee eee op 


where ¥,, = Ung + Uni 
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The corresponding output signal/noise ratio is represented by 
V.JV,, where V, is the peak value of the signal at the output. 

(2.3.2) White Noise. 

For the case of white noise, 7; and 7, are random noise voltage 
es sa: mean-square amplitudes per unit bandwidth 
of oF and o2 On respectively. It is assumed, for simplicity, that 
the gain to both noise generators over the whole frequency 
spectrum is the closed-loop gain M. This has the effect that 
the noise contributed by 7, over the shaded region of Fig. 6 
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dq 
oe 1 
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~ 
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Fig. 6.—Gain to noise signals for different integrators. 


Gain to nj. 
—-+— Gain to n; and ng. 
----- Gain to nq. 


is neglected. Since the gain to n, is low over this region, the 
contribution is, in practice, negligible compared with the total 
low-frequency output noise. Thus the total mean-square 


output noise voltage V2 can be calculated as that due to a single 
noise-voltage generator of mean-square amplitude per unit 
bandwidth o?, in series with the input signal (o? = a? =f 02). 
Comparison of V2 for the different integrators then provides 
an estimate of the average reduction in output noise. 
In this case the corresponding output signal/noise ratio is 


represented by 1/(V2/V2). 


G) DIRECT-COUPLED INTEGRATOR 

To provide a basis for comparison, expressions for the accuracy 
and noise output of a conventional direct-coupled integrator 
are derived. In particular, it is shown that the output signal/noise 
ratio is a function only of the integrator accuracy. 

(3.1) Accuracy 

For the direct-coupled integrator, the amplifier gain A, is 

assumed to be independent of frequency. Thus, from eqn. (1), 
AY; 

1+ (1 + A))T,jw 
and the ideal integrator output defined by eqn. (2) is given by 


; — Ayv; 
(1 + Aj)jwT, 
At any angular frequency w, the difference between the 


actual and ideal outputs is shown in Section 11.3 to be composed 
mainly of the quadrature error component Uz, of magnitude 


Up = My; = (4) 


(5) 


v; 


ot TEA, : 


For the differentiated square-wave input of Fig. 7(a) (derived 
from a square wave of peak amplitude V and repetition angular 


DUNSTAN AND SOMERVILLE: THE REDUCTION OF LOW-FREQUENCY NOISE IN FEEDBACK INTEGRATORS 


[ 


Fig. 7.—Direct-coupled integrator waveforms. 


(a) Impulse input. 
(b) Ideal output. 

(c) Quadrature error. 
(d) Output. 


series 
LEON ess w,t + cos 3w,t + cos 5w,t +. 


i= 


Combining eqns. (5) and (7) gives, for the ideal output, 
= te 

(1 + Aj) a 

which represents a square wave of peak amplitude 


Vanes | 
Voy >. 7 i= zy . . . . . \ 


frequency w,), the input waveform is represented by the Fount 
Bel yi + 1/3 sin 3w,t + 1/5 sin Sw,t +. 


as shown in Fig. 7(). 
Similarly, combining eqns. (6) and (7), and remembering tk 
Yq is in phase with the input, gives a resultant error 
4V 


t 2 2 
rare wet + 1/3? cos 3w,t + 1/5? cos 5w,t +...] | 
which represents a triangular wave [Fig. 7(c)] of amplitude | 


yes Vir 1 
aay 2T, w,T,A, 


Adding the waveforms of Figs. 7(6) and 7(c) together gives t 
integrator ee shown in Fig. 7(d), namely a square Wé, 
with a droop 2V,;. The fractional error 8, is | 
AE Vo mS ie 
Vey 2T,A, “4 


(T, = m/w, = Half-period of the input waveform.) 


op = 


(3.2) Output Noise 
Fig. 8 shows the closed-loop gain characteristic |M,| wh 
the ‘corner’ frequency w, is approximately equal to 1/ T,A,. 
(3.2.1) Low-Frequency Noise. 
In the frequency range 0 < w < w,, the integrator gain is 
so that, applying eqn. (3), the noise output has the value 


Vy — Av, . . . . . . ( 
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2.2) White Noise. 


The mean-square output noise V2, is given by 
V2 = 07 A?w 17/2 (11) 


[2 being the noise bandwidth of the gain characteristic |M,]. 


(3.3) Signal/Noise Ratio 
3.1) Low-Frequency Noise. 


The combination of eqns. (8), (9) and (10) gives the 
nal/noise ratio in the angular-frequency region 0 << w < w,: 


Vinee 


Ci i 


ni 


3.2) White Noise. 
From eqns. (8), (9) and (11), 


(Ze 1/2 
a (G4 or 


Thus, for a given repetition period, the signal/noise ratio of a 
‘ect-coupled integrator depends only on the integrator accuracy 
this depending in turn on the product 7,A;. Fig. 8 shows 
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| Fig. 8.—Direct-coupled integrator frequency characteristics. 


ssed-loop gain characteristics for two integrators having 
Terent values of T,, but the same value of the product 7,A;, 
d therefore giving equal accuracies. 


(4) THE CR-COUPLED INTEGRATOR 


Whereas there is no optimum design for a direct-coupled 
egrator of given accuracy, it is found that, to obtain the best 
tput signal/noise ratio for a CR-coupled integrator, the 
essary circuit values are uniquely determined for a given 
curacy and repetition frequency. 

Fig. 9(a) shows the circuit of a CR-coupled integrator. Since 
2 CR couplings (CpRp and C,R,) are in cascade within the 
dback loop, it is necessary to include the stabilizing network 
R, to maintain stability at low frequencies [see Fig. 9(5)]. 
2s, 10(a) and 10(b) show the integrator characteristic with and 
thout the stabilizing network, respectively. 


(4.1) Design of the Stabilizing Network 


The low-frequency stabilizing network C,R, provides a 
ae lag only over a limited frequency range. The values 

, and R, are therefore adjusted so that this lag has a maxi- 
in ‘value ., at the angular frequency w 9, where the open-loop 
* is unity. Assuming that the integrating components C2 
) R, contribute 90° lead at this frequency, and that these 
ponents give negligible loading of the CR-coupling network, 
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Fig. 9.—CR-coupled integrator. 


(a) 


Re 


(b) 


(a) Without stabilizing network. 
(5) With stabilizing network. 


the maximum phase lag ¢,, is the phase margin of stability and 
has the value (see Section 11.1) 


(~ — 1) 
2/a 


a = (1+) 
a a 


Also the angular frequency wo, the time-constant T, = C,R, 


(12) 


gm = arc tan 


where 


1000 


GAIN 


Fig. 10.—CR-coupled integrator frequency characteristics. 


(a) With stabilizing network. 
(6) Without stabilizing network. 


and the values of k and Q (Fig. 10) are given by the equations 
(see Section 11.2) 


1 


00 aT oTAa) i 
ee aaa REE 
Wo 
h = Qo!l oe (15) 
2 
pee) te 


all44/2[(/e) — 1] 
where To = RoCo 
T> a RC 


A, = Amplifier gain 


I 
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Fans. (12), (13) and (14) enable the optimum value for the 
time-constant of the stabilizing network to be determined, for 
given values of T, T>, 42 and the phase margin. [A 30° phase 
margin (for which « = 3) normally provides adequate stability. ] 


(4.2) Accuracy 


For angular frequencies w > wo the reactance iJ/wC, is very 
much less than R,, and the equivalent circuit of the coupling 
network is as shown in Fig. 11(c). Since, in practice, R, > Ro 


IN iN IN IN 
ch. ch l 


Co = Co s Co Ra Co 
OUT OUT OUT OUT 

Ro Ro Ro Ro 

(a) (dD) LL‘) (d) 


Fig. 11.—Equivalent circuits of coupling network. 


(a) Coupling network. 

(6) Equivalent circuit for @ < wo, where XCq > Ra. 
(c) Equivalent circuit for a > w 9, where XCqg < Rg. 
(d) As for (c) but for w ~ 1/CgRo (Ra > Ro)- 


and 1/w,Cyo ~ Ro,* R, > 1/w,Co and the equivalent circuit 
shown in Fig. 7(d) is applicable at angular frequencies greater 
than or equal to w,. Thus in the calculation of accuracy, 
where only the angular frequency range w > a, is relevant, the 
effective amplifier gain A has the approximate value 


pies AxTojw 
14 Tjw 


A, being assumed independent of frequency. 
Combination of this with eqn. (1) gives the closed-loop gain 


VU, = AxTojw 
M, 2 . 
v; { [1 — TTow(1 + Ap)] + jo(T, + Ty} 
and the ideal integrator output defined by eqn. (2) has the value 
me — Ax?; 


oes (ee Ax)Ty jw 


The difference between the actual and the ideal outputs can be 
represented by the components v,, in phase and v,, in quadrature 
with the ideal output, and of magnitudes (Section 11.3) 


OF 1 BS VU; 1 1 ) 
and %q2 ‘< Ree as To 


If these equations are used in an error analysis similar to that in 
Section 3.1, the output (for a differentiated square-wave input) 
is the sum of 


(a) The ideal output [Fig. 12(5)], a square wave of amplitude 
VA, 

1 SRE | SOS 2 

se TA tees) 


Uv 2 SS Oe SS 
if wT, @*TyT yA, 


(17) 


(b) The total in-phase error component, giving a waveform 
composed of half-cycles which are sections of parabolas 
[Fig. 12(c)] having a peak amplitude 
4V i 17 
V2 == 5) 
71T> wWiTnT A> 32) 


* Of the values of Ty (=C)Ro) derived in Section 4.5, the optimum design gives the 
smallest, namely T;/4. Putting T,; = 7/ws, the maximum value of 1/asCy is 4Ro/7. 
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Fig. 12.—CR-coupled integrator waveforms. 


(a) Impulse input. 
(b) Ideal output. 

(c) In-phase error. 
(d) Quadrature error. 


, } Output. 


(c) The total quadrature error component, giving a trianguli} 
wave [Fig. 12(d)] of peak amplitude 


eerie 1 a 1 ) 

eT Gare w,To 
The integrator output waveform is obtained by adding tlh 
waveforms (5), (c) and (d) of Fig. 12. The relative values . 
Vp. and V,, can be set by choice of Az, T, and Ty. Figs. 12() 
and 12(f) show the output for integrators having differe; 
relative values of V,, and V,. 
At the beginning and end of a half-period the contributic 
from V,, is zero, so that the error at these instants depends on’ 
on Vj, i.e. the phase error in the integrator transfer chara) 
teristic. If the total error at intermediate times is not to excer 
+ Vga, the relative values of V,. and V,. must be such that tl 

initial slope of the output waveform is less than or equal to ze 
The necessary condition is shown in Section 11.4 to be 


Ee 


Ss 


2 


To + TS 
The fractional error is then* 


Vo 


+ se (= +z) 
Vs. 2A2\T, Tp 


Criteria which impose various other limits on the relati 


On 


* Comparison of this with eqn. (9), giving the droop for a direct-coupled integrat 
shows that the effect of a CR coupling on the droop is the replacement of the in 
grator time-constant T, by Tz and Ty in series. This is also true for more tir 
aoe dee provided that the additional phase error introduced is small at the repetiti 

requency. q 
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alues of V2 and V,, could be taken. These would give rise to 
ynditions similar to that of eqn. (18). 


(4.3) Output Noise 
3.1) Low-Frequency Noise. 


At frequencies w < wy where the reactance 1/wC, is very 
juch greater than R,, the coupling network [see Fig. 11(b)] is 
juivalent to a simple CR circuit of time-constant (Cy + C,) Ro = 
fy. Thus the low-frequency asymptote to the closed-loop 
‘sponse is given by 


% 


== awl A>, 
i 


ombination of this with eqn. (3) gives the output noise 


Vi = waToArv,, (20) 


3.2) White Noise. 


The mean-square output noise V2, is determined by assuming 

te integrator closed-loop response [Fig. 10(a)] to be approxi- 
ately that of a single tuned circuit of Q-factor equal to QO, 
ssonant angular frequency wag and peak magnitude hf. (This 
sumption is found to fit the practical curves reasonably.) The 
‘ise bandwidth is then wy7/2Q, so that, subject to the 
‘sumptions outlined in Section 2.3.2, 


— Wo 71> 
aes = fro: ac 
abstitution for wa and A from eqns. (13) and (15) gives 
Ws 3472 1 [To42 = 
1 = 2 T; T; Or 4 (21) 


(4.4) Signal/Noise Ratio 
4.1) Low-Frequency Noise. 
‘The combination of eqns. (17), (19) and (20) gives the 
‘gnal/noise ratio in the angular-frequency region 0 << w < w%: 


4.2) White Noise. 
From eqns. (17), (19) and (21), 


v2 V2 /4O(m/2) 26, 1/2 
Va-|R mm nm, 
hese equations show that, for a given accuracy and repetition 
sriod, the best signal/noise ratio is obtained when (TJ + T>) 
‘minimized. The ultimate limit to reduction of (T> + T>) set 
/ eqn. (18) determines the maximum signal/noise ratio. 
Inserting the value of Q [eqn. (16)] in the above expression 
T signal/noise ratio, and then differentiating with respect to «, 
ves the result that, for maximum signal/noise ratio, « = 4°88. 
‘For the case of low-frequency noise, however, the signal/noise 
tio is seen in Section 4.4.1 to be proportional to 1/«, and a 
nall value of « then gives best signal/noise ratio. A value 
= 3 has been taken (Section 7.1) as a reasonable compromise, 
d results in a reduction of the signal/white-noise ratio by only 
fastor of 1-37 from its optimum value. 


(4.5) Optimum Design of the CR-Coupled Integrator 
‘The condition for maximum signal/noise ratio is 
Ty + T, = T,/2 


%t mization of the design involves choosing T, and Tp (subject 
| + is condition) so as to minimize the fractional error. 
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(22) 
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Combination of eqns. (19) and (22) gives the fractional error 
pyle” een 
This is minimized when T, = T,/4, giving 
Tyr o = TIA 
Aa =A} o> 


(23) 
(24) 


Eqn. (23) gives the optimum values of T, and To, whilst eqn. (24) 
gives the amplifier gain necessary to secure the optimum design. 

In practice, the optimum gain may not be readily obtainable. 
The problem is then to obtain the best signal/noise ratio with a 
given amplifier gain A; and with a specified accuracy. Two 
cases may be considered: 


and 


(a) A> less than optimum. 
(b) A> greater than optimum. 
(a) A; Less than Optimum. 
Rewriting eqn. (19): 
fod oe: 
Teds 


For given values of error and amplifier gain, it is required to 
choose 7, and Ty so as to minimize (T, + To) for the best 
signal/noise ratio. This again occurs when 7, = To, so that 


T, = Ty = T,J A792 - (25) 


is the required criterion when A; is less than the optimum value 
4/5, [eqn. (24)]. [Substitution of 4; < 4/5, in eqn. (25) gives 
T, = Ty) > 1,/4,. som that. (19 £75) =T,/2> sausfying. the 
criterion of eqn. (18)]. 


(b) Aj; Greater than Optimum. 


With A; > 4/6, the condition T, + Ty = T,/2 can now be 
readily satisfied, and 7, and Tp are chosen so that the accuracy 


equation 
eal 1 
&=s(- +7) 
tet PATO ae 


is satisfied subject to this condition. 
Thus 1, + Io = I,f2 
T,T) = T?/4A36> 


Solution of these simultaneous equations then gives the values 
of T, and Ty. Two possible values of T, (and therefore of To) 
are obtained. The lower of these is normally taken, since this 
yields a greater integrator sensitivity. 

It should be noticed that the increased integrator sensitivity 
is the only result of having an amplifier gain greater than 
optimum, no further improvement in signal/noise ratio being 
obtained. 


and 


(5) PHASE-CORRECTED INTEGRATOR 


In order to obtain some idea of the relative importance of 
phase and amplitude errors, a direct-coupled integrator having a 
low-gain error amplifier, and designed to give a fractional error 
of 10% is considered. An analysis similar to that of Section 3.1 
shows that, for the differentiated square-wave input, the output 
is the sum of three waveforms. These are as follows: 


(a) The ideal output, a square wave of amplitude V/T. 
(b) A triangular wave of amplitude V/107 due to phase errors. 
(T is the integrator time-constant.) 
| 


, 
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(c) A waveform, due to amplitude errors, consisting of half- 
cycles which are sections of a parabola, and having a peak amplitude 
V/200T. 


This shows that phase errors have a much greater magnitude 
than amplitude errors. (The ratio between these errors increases 
as the accuracy of the integrator is raised.) If phase correction 
could be applied without introducing any additional amplitude 
errors, the accuracy of the integrator would be considerably 
increased, and a high-accuracy integrator obtained having the 
relatively low output noise of a low-accuracy integrator. All- 
pass networks are capable of providing a large degree of phase 
equalization, but, in general, are fairly complex. However, 
good results can be obtained using the simple ‘minimum phase’ 
network of Fig. 13(a). This provides a phase lag which, in the 


Rs5 


(a) 
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Fig. 13.—Phase correction of direct-coupled integrator. 


(a) Phase-retard network. 
(6) Phase-corrected integrator. 


appropriate frequency range, is approximately inversely pro- 
portional to frequency. In this case a certain amount of excess 
amplitude error is introduced, and it is found that the residual 
error is due mainly to amplitude deviations. 

This procedure cannot be applied to correction of a CR- 
coupled integrator, since the amplitude error is of the same order 
of magnitude as the phase error. Complete removal of the 
phase error therefore results in only a slight improvement. 


(5.1) Phase Correction of a Direct-Coupled Integrator by a 
Phase-Retard Network 


Fig. 13(6) shows a direct-coupled integrator followed by the 
phase-retard network Ry, R; and C4. 
The gain of the feedback integrator is given by 


Vo Tak A; 
%, 1+ + Ajo 

and the associated phase lag ¢ has a value given by 
tan d = — wT;(1 + A3) ; 


At angular frequency w, the phase deviation B from 90° is then 


(26) 


1 
= arc tan ———_____ 
p wT31 + A3) 


or for small angles (for the 10% integrator 8B = 3:8° atw = Ws) 


B = 1/wT,(1 + A3) . (27) 


For the phase-retard network, 


Vv 1 + jwT4 


where T4 = Ry, 
k= se Be wie H.F. attenuation of network | 
R4 + Rs 
and the associated phase lag @ has the value | 
fe (1 —kwT, | 
6 = arc tan ene 
or for small angles . 
gv GaHlewl, = — Gi 
1 + k/a?T3 | 


Reference to eqns. (27) and (29) shows that substitution of* 


1—k 1 } 
——— => ——_ é e 3( 
T4 T3(1 + A3) ( 


provides a first-order phase correction, the degree of approx ™ 
mation depending on the value of k; the smaller the value of | 
the better is the correction. However, small values of k impl) 
large attenuations at high frequencies, so that k must be chose. 
to give a compromise between good correction and sma): 
attenuation. 

This compromise is achieved by giving k the value whic) 
provides a maximum signal/noise ratio. 


(5.2) Accuracy 
Combination of eqns. (26) and (28) gives the overall gain 


- A, Paar, 
1+ 7301 + A3)jw 1 + jwTylk | 
The ideal output is given by the value of M; at high frequencie 
PP se 8 be | 
v; 30 + A3)jw | 


This differs from the ideal output represented by eqn. (2) tig 
the factor k due to the high-frequency attenuation introduce) 
by the external phase-correction network. f 
Application of the condition of eqn. (30) shows that tk. 
difference between the actual and ideal outputs is compose) 
mainly of the in-phase error component v,3; (Section 11.5) 
having the magnitude 
(w>a- 


Up3 ~ k*A3v;/ TRA + A331 — kD 


An analysis similar to that of Section 3.1 shows that, for tl 
differentiated square-wave input, the output is the sum of tt 
two waveforms shown in Fig. 14. These are as follows: 


M; 


(a) The ideal output [Fig. 14(6)], a square wave of amplitui| 
Vi3 = VkA3|T(1 +43) . . . . 


(6) The sum of amplitude error components, giving a wav. 
form composed of half-cycles which are sections of. 
parabola [Fig. 14(c)], and have a peak amplitude 


_ 4VA, mr k2 
Po 320? [Tey eae } 


__™* It should be noticed that eqn. (30) involves the amplifier gain of the direct-coup! 
integrator. Ifthe condition is to be maintained with sufficient accuracy, it is necesse 
. stabilize the gain. This can be achieved by the use of local feedback in the amplifyi 

stage. 5 


DUNSTAN AND SOMERVILLE: THE REDUCTION OF LOW-FREQUENCY NOISE IN FEEDBACK INTEGRATORS 


Fig. 14.—Phase-corrected integrator waveforms. 


(a) Impulse input. 
(b) Ideal output. 
(c) In-phase error. 
(d) Output. 


The resultant output is shown in Fig. 14(d), and the fractional 
srror has the value 


V, 


jikee Ti ; 
ee 2 32 
gue O85 laa | ES 


(5.3) Output Noise 


_ Fig. 15 shows the input/output segmented gain characteristic 
\M;|, where 


w3 = 1/T3(1 + A3) 


1000 


Fig. 15.—Phase-corrected integrator frequency characteristics. 


—. — Gain of integrator [A43/(1 + A3) x 1/T3@]. 
w---- Gain of correction network. 
Gain overall. 


*+,1) Low-Frequency Noise. 
| -9 the frequency range 0 < w <3, the integrator gain 
vauals Az, and application of eqn. (3) gives the noise output 


Vins me, 34n (3 3) 
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(5.3.2) White Noise. 
It can be shown that the noise bandwidth of the gain charac- 
teristic |M| is given by 
w3kK(1 +k — k*)x]2 


whence the mean-square output noise Vz, has the value 


V2, = Aosk(l + k — A) 0 (34) 
(5.4) Signal/Noise Ratio 
(5.4.1) Low-Frequency Noise. 
Combination of eqns. (31) and (33) gives the signal/noise 
ratio 


Pee Ue 
Ve ti, (Az el) bg 
(5.4.2) White Noise. 


From egns. (31) and (34), 
Nee ee: lit eel 
VA, oe 1+k—k* 7,1 +43) 7 


(5.5) Optimum Design of the Phase-Corrected Direct-Coupled 
Integrator 


(for w < w3) 


Optimization of the design consists in choosing k so as to 
yield the best signal/noise ratio for a given accuracy. 

For low-frequency noise it is required to maximize 
k/T;(1 + A3). Putting 


X =k/T,0 + A3) 
and combining this with eqn. (32), 
X? = Kk(1 — k)d; 
where K is a constant for a given repetition period. 
Setting 0(X)/dk = 0 for a maximum signal/noise ratio, 
Je=40*5 


It can be shown that k = 0°5 also satisfies the condition for 
maximum signal/noise ratio for white noise. 
Substituting & = 0-5 in eqns. (30) and (32), 


__ T;(1 + A3) 
- 2 


silat) 
oN 8 Tees) 
When 7, and 4; are specified, these equations enable the com- 


ponent values in the integrator and compensating network to be 
calculated. 


1, 


(6) COMPARISON OF INTEGRATORS 


In order to compare the noise output from a‘ direct-coupled 
integrator with the noise outputs of the CR-coupled and phase- 
corrected integrators, the accuracy and the sensitivity of each 
(for a differentiated square-wave input) are made equal 
i.e. Oy Sas 05 == 0 
and Vieey oe t33 (35) 
Under these conditions, the ratios 


Fy me nil Vn2 and F; a Val Vins 
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give the improvement in low-frequency signal/noise ratio of the 
CR-coupled and phase-corrected integrators, respectively. The 
corresponding improvements for white noise are given by 


Nz =[VAIVA}? and Ny = [VAIVap? 
Combining eqn. (35) with eqns. (8), (17) and (31): 
T,; = T) =T;]k (assuming A,, A, and A; > 1) 


For optimum design, the CR-coupled integrator has T, =T)=T,/4 
[eqn. (23)] and for the phase-corrected integrator, k = 4, whence 


T == T,|/4 
T, = T.|4 (36) 
DB 3/8 


By combining eqn. (9) with eqns. (10) and (11), eqn. (19) 
with eqns. (20) and (21), and eqn. (32) with eqns. (33) and (34) 
so as to eliminate the amplifier gains, and then substituting for 
T,, T> and T; from eqn. (36), the noise outputs V,,;, V2, “> CtC., are 
obtained as a function of the accuracy 6 and the repetition period 
2T,. Hence 


D 


EF. = 
Z TTX 


= (ang va)” 


nage m= [bi] 


These ratios are shown in Table 1 for integrators of various 
accuracies. The frequencies f,, fo and f,; below which the low- 
frequency noise ratios apply are also included. 

Table 2 gives the corresponding results obtained when the 


Os 
(63) 


Table 1 
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input is a pure sine wave of frequency w,/27. The design prc 
cedure in this case, and in general, is the same as that employe) 
for an impulse input. For the CR-coupled integrator the frai) 
tional error is taken as the ratio of quadrature error to outpi) 
magnitude, giving 


5 =) | 
Ry UNI) Ai: 


’ 


Also, the in-phase error is restricted to be less than the quai) 
rature error, thereby imposing the condition Ty + T> > T,/1) a 
These equations differ only by a constant from eqns. (19) ar 
(18). This will, in fact, be the case for any repetitive inpy 
signal, if the given design procedure is followed. The coi) 
ditions to obtain optimum design of the CR-coupled integrate) 
will therefore always be Ty = T, and Ty + T>, > constant x Ik 

For the phase-corrected integrator with sine-wave input th 
error is taken as the ratio of in-phase error to output mai 
giving 


k | if i 
3 wd — HLTA + As) | 


which differs from eqn. (32) by only a constant. This will aga 
be the case for any repetitive input, with the result that fe 
optimum design of the phase-corrected integrator k must alway 
equal 0-5. The results of Table 2 show that the gains A, and /: 
happen to be the same as the corresponding values in Table © 
This will not generally be the case. 


(7) PRACTICAL INTEGRATING CIRCUITS 


The procedure for designing the CR-coupled and phas} 
corrected integrators is given below for the particular case 1) 


IMPULSE INPUT | 


Direct-coupled CR coupled 


Accuracy 


Phase corrected 


Characteristics of optimum designed integrators of various accuracies based on fs = 1ke/s. 
integrator, «a = 3,k = 0-5. 


Table 2 
SINE-WAVE INPUT 


Ay te Ay Ta fo Fp at fo N2 Ay T4 A F3 below f, N3 V 
c/s millisec c/s millisec c/s 
3-33 COMET | 120 Bho | 88-3 10 1-28 14-5 0-485 164 3-9 1:76 
1-00 200 6:4 400 Si) 48-3 33 WWO7/2) PHO) 0-885 90 US| 2°39 
0-3 600 : : : : 2-3 3°14 0 
5 5 “A . ; 


T; = Tz = 2T3 = 


T;/4 = optimum value for CR-coupled 


haracteristics of optimum designed integrators of various accuracies based on fs = ee Ti T2 
integrator, « = 3,k = 0°5 


Direct-coupled CR coupled Phase corrected I 
Accuracy - ir 
aA fe Aa Ta fo Fy at fo N2 A3 Ts f3 F3 below fe N3 \, 
Wh, c/s millisec c/s millisec c/s p 
3)0338) 60 33°3 120 1:97 139 10 2S 20:9 0-435 183 2° +48 | 
1:00 200 10-0 400 3-63 75:9 33 73 39-00 0-795 100 3.00 2 
0-333 600 B33 1 200 6-3 43-7 100 2:28 68-3 1-38 Sy/es) 8-68 2-68 
0-100 2.000 1:0 4000 ihess 24 330 3-07 12505 DO) BIS 15-8 3:56 3 
0:0333 6000 0-333 12000 19-7 13-9 1000 4-05 218 4-35 18-3 POSE 4-67 i. 
0:0100 20000 0-100 40 000 36:3 1°59 | 3300 5-49 399 7:95 10-0 50-0 6:31 FF 
5 eee 
53 ; 


T;/2m = optimum value of CR-coupled 
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integrators required to give an accuracy of 1° with a differen- 
tiated square-wave input of repetition frequency 1000c/s. 
(T, = 500 microsec.) 


(7.1) CR-Coupled Integrator 

For optimum design, A, = 4/5, = 400 [eqn. (24)] and 
Ty = T, = T,/4 = 125 microsec [eqn. (23)]. 
Stabilizing Network. 
_a=1-+C,/Cy = 3 gives a phase margin of 30°, and results 
in adequate stability (Q = 1-47). 

Thus Gl Gy 2 
and Ty = RyCy = 03 !44/(ToT>A>) [eqns. (13) and (14)] 


Putting Ty) = RoCy = T>, « = 3 and C, = 2Cy in the above 
2quation: 
i R, = 22°8Ry 


A single-stage amplifier [Fig. 16(a)] is suitable for relatively 
“ow-accuracy integrators (5 > 1%). Component values for the 
integrating and coupling networks are chosen so that there is 


+300V 


f OUT 
0-O05pF 

22kA 
1w 


fh 


VV 
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22kn 


vv 


(a) 


50 THEORETICAL POSITION 
<7 OF PEAK 
ae 
44~ x 
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47 < x 
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< ff SS ‘Ni 
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VA \ 


| ‘ 
x 
\ 
x 
NS 
x 
SG 
: Saws 
; a eee i ! 
10 50 100 500. 1000 3000 
: f,c/s 
(b) 
Fig. 16.—Practical 1° CR-coupled integrator. 
(a) Circuit. 


All resistors are } watt rating unless otherwise stated. 


(b) Closed-loop gain. ; : 
x Indicates experimental point. 


negligible loading of the coupling network by the integrating 
network. 


; 1251026 
Making Ry = 22kQ, C, = =0- , 
aking Ro eo 22000 0:005 7 uF 
Thus R, = 22-8Ry =500kQ and C,=2Cy= 0-011 4 uF. 
; 125 x 10-6 
M R= eee —t()\. ; 
aking R, = 100kQ, C, Taonen 0-001 25 uF 


The nearest preferred values have been incorporated in the 
circuit of Fig. 16(a@), for which the theoretical and practical 
frequency-response curves are shown in Fig. 16(5). When it is 
necessary to decouple the d.c. component from the input, the 
network C,R, [Fig. 16(a)] is included within the feedback loop. 
Any phase shift produced by this network and by the screen 
and cathode by-pass time-constants must be small at the fre- 
quency wy so as to have negligible effect on stability. Also, 
when a high-accuracy integrator is required, a multi-stage error 
amplifier is needed to secure the necessary open-loop gain. If 
the operating frequency is sufficiently high, CR interstage 
couplings may be used. Otherwise, a drift-corrected? direct- 
coupled amplifier is required to prevent overloading due to d.c. 
drift at the output. 


(7.2) Phase-Corrected Integrator 
For optimum design, k = 0-5, giving (see Section 5.5) 


y= OE nad, = t 


Combining these equations, 


7 } 
Td ae) 


= 0-88 millisec 


oT, 
and 1+ A; = 4T (253) 


Putting 7; = : = - the overall gain at high frequencies will 
be the same as that of the CR-coupled integrator above [see 


eqn. (36)] and 
1 + A; = 28-3 
or Ploy s I/OS! 


Thus 73 = 125/2 = 62:S5microsec (R3; = 100kQ, C= 
0:000625 uF) and making Ry = Rs = 10kO; CC, = Ti, 
= 0-088 pF. 

Although the gain required in the phase-corrected integrator 
is small, its value must be maintained within narrow limits over 
a wide range of frequency and for all required values of output 
signal magnitude. Fig. 17 shows a circuit for the phase-corrected 
integrator with the nearest preferred values of components 
incorporated. The gain, A3, of the error amplifier is stabilized 


BUFFER 


625 pF 


meer O08 BF 
ols 


Fig. 17.—Practical 1° phase-corrected integrator. 
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by local feedback, and the buffer stage is necessary to prevent 
loading of the integrating network. If the error amplifier itself 
incorporates an amplifier gain Ay > A3, a large variation in 
Apo causes a relatively small change in the closed-loop gain, A3, 
of the error amplifier. 

For a +50% variation in Ag the value of Ag required to main- 
tain A; with sufficient accuracy so that the quadrature error 
remains smaller than the in-phase error can be shown to be 
approximately equal to the gain A, required in the corresponding 
CR-coupled integrator. ‘ 


(8) EFFECT OF AMPLIFIER HIGH-FREQUENCY RESPONSE 


An assessment of the bandwidth necessary in the error 
amplifier of a feedback integrator may be obtained by con- 
sideration of the effect of amplifier high-frequency fall-off on the 
integrator impulse response. Let the gain of the amplifier be 
given by 

A 


{7p 


(It is assumed that the gain A is maintained down to zero fre- 
quency.) Then, for the feedback integrator of Fig. 2, 


ake. 
UF Ne ie is 


A 
eae f rs alte 


whence the impulse response is 


A 
———P 
2 alia ea a 
t 
& a ——as 
P +44 T, | + rp 
The solution of this equation is approximately 
aa 1 1+A4 
eee: — e—t}] = 4+—— . 
ail) ie) { ie li Te ]} (Section 11.6.) 


In practice, T, < T(1 + A), so that the impulse response is 
approximately 


=e t(1+A) 
ire tee are 

Thus, provided that T, < T(1 + A), the integration of an 
impulse yields a step, subject to an exponential delay of time- 
constant 7,/(1 + A) and of magnitude A/T(1 + A) independent 
of the value of T,. For example, an integrator having an 
amplifier with a high-frequency bandwidth of 40kc/s and 
A = 400 would have a rise time (for impulse input) of 
0-01 microsec. 

High-frequency fall-off in the error amplifier also results in 
direct feed-through of input components with frequencies 
w > (1+ A)/T,. If the output impedance is rg and the inte- 
grating resistance is R, then, at very high frequencies, no feed- 
back signal occurs and a voltage v,ro/(R + ’o) is fed through 
direct to the output. Such a feed-through signal occurs even at 
frequencies w < (i + A)/T,, but, in this case, it is reduced by 
a factor 1/(1 + A) (see Section 10.2 of Reference 1). A cathode- 
follower is normally used in the output circuit to minimize ro. 

The effects of h.f. fall-off are illustrated by the following 
example. Consider an integrator used in obtaining a display of 
the B/H loop of a magnetic material having an ideal square-loop 
characteristic (see Fig. 18). With a sinusoidal magnetizing 
current /sin wt, the input to the integrator will be a series of 
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DIRECT 
FEED —THROUGHY 


' 
I~ DIRECT 
FEED-THROUGH 


Fig. 18.—Illustration of the effect of h.f. fall-off in error amplifier. 


impulses of alternating sign. A c.r.t. display of the integrato 
output against / sin wr will then give the dotted curve in Fig. 18. | 
For the practical integrator amplifier considered, the rise time 7 


| 


™ 


A 


of the output is 0-01 microsec, and if the frequency of the mag- | 
netizing current is 10kc/s, the value of ig (see Fig. 18) is 


A 1 a = 
iene Ss BS 108 X26 XAOn 


vat 


i.e. 0:06% of the peak current /, Such a discrepancy will not) 
result in any distinguishable difference on the surface of a 
cathode-ray tube between the actual display and the theoretical | 
square loop. f 


(9) CONCLUSIONS 


Two particular approaches to the low-frequency noise problem 5 
have been discussed. 1 

The introduction of a CR-coupling in the feedback loop of a} 
feedback integrator leads to a considerable reduction in low- } 
frequency output noise, but the frequency below which an} 
improvement can be realized is, of necessity, somewhat removed }) 
from the signal frequency. e 

In Section 5, the principle of phase equalization as applied to} 
an integrator has been introduced, and it is shown that phase f 
correction of a direct-coupled integrator with a low-gain error #I 
amplifier gives a lower output noise than a direct-coupled inte- jj 
grator of the same accuracy. This method results in a relatively } 
high output impedance necessitating a buffer stage to avoid{ 
loading. An extension of equalization procedures centres on) 
the synthesis of an approximation to an ideal integrator charac- } 
teristic by application of, first, amplitude and then phase cor- 
rection to existing circuits, e.g. a direct-coupled integrator in 
conjunction with a high-pass filter. Such methods could be! 
considered in an exacting situation. 7 

It has also been shown that the ultimate limit to the speed of 
integrator response is set by (1 + A)/T,, i.e. by the frequency 
at which the error-amplifier gain reaches unity. . i 
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(11) APPENDICES 5 
(11.1) Design of the CR-Coupled Integrator Stabilizing Network | 


In the angular frequency region w ~ wo, the parallel impe-_ 
dance of Co and the stabilizing network R,C, (Fig. 11a) is much) 
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greater than Ry so that the transfer function of the coupling 
network is approximately 


Me™, Ro 
Vv; 1 ( 1 
= (& 
JwCo\ * Pec) 
1 
R, ae 
ae JaCo 


Putting Ty = RoCo, & = (1 Si 2). and T, = R,C,: 


v JwT, ; 
ar Cp wera oe Eee) iol (a1) 
The phase shift of the coupling network is thus 90° lead minus 
the angle = arctan [w7,(~ — 1)/(« + w?72)]. Assuming 
ihat the integrating components C, and R, contribute a further 
90° lead at low frequencies (w ~ wy), ¢ is the phase margin of 
the feedback loop. The maximum value naz) is obtained by 
putting d(tan ¢)/d(wT,,) = 0, whence « = T2w 


al 


(38) 


Thus (39) 


Pyne = ale tan = iS 

This phase margin produces greatest stability if it is made to 
occur at w = wy, where the open-loop gain is unity. Sub- 
stituting « = T2w% in eqn. (38), the transfer function of the 
coupling network is 


(2) = Pepe +ieVove — 0] 


= COL) Tox 


o 


Therefore 


i 
The gain of the integrating network R,C, at w = wo is approxi- 
mately wo7T>. Thus, at the unity-gain frequency wo, 


Wy TW oT (v/a) Az = 1 


a l/4 4 
whence Wo = fig T As) ( 0) 
and T, = 3/44/(TyT>A2) 


The low-frequency asymptote to the closed-loop gain charac- 
ae (Fig. 10) has the equation «T)wA,, and meets the high- 
frequency asymptote 

1 Ay 
Gis 1+ A, 


ut an angular frequency w,, such that 


anon 
Tyn,A 
oe 
i 


e. all24/(TyT>A2) 
(11.2) Derivation of the Values of Q and h (see Fig. 10) 
The closed-loop gain of the CR-coupled integrator is given by 


A 
1 + jwT,(1 + A) 


whence w (A, > 1) 


[see eqn. (1)] 
jwT Az 
|A| 

~ [i + jyT + A)| 


where A is complex and has the value 


Vv, 
Pat W = Wo, za 


eit... (41) 
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Also the magnitude of the point E is approximately 
1 14 h 
SS eee (42) 
W1T, Wool, Q 


Thus, combining eqns. (41) and (42), 


oc 14) jeg TA| 
jw TA is the open-loop gain Gp at the angular frequency wo, 
so that 
|Gol 
[1 + Go| 
Fig. 19 shows the values of G and 1 + G on the Nyquist 
diagram, Gy being the open-loop gain where the phase margin 


QO ~ a 1l4 


-4 


(-1, 0) 


Fig. 19.—Nyquist diagram showing relation between phase margin 
and Q-factor. 


is dinax» Thus, from the Figure (assuming that the peak in the 
closed-loop response occurs at wo), 


Q= a 14 


26, yt, "EE 


Combining this with eqn. (39), 
Ow a/(% + 1) 
Salhi @/ey— 1] 
Substitution for wy in eqn. (42) gives 
ToA 
sat 1/2 2 
h= Qe T; 


(11.3) Derivation of Errors in the CR- and Direct-Coupled 
Integrators 
From Section 4.2, the actual output v, and the ideal output v; 
from the CR-coupled integrator are given by 


— A,Tov;jw 
®o = {01 = T,TyoX + A,)| + jo(T, + T)} 
, —Ayv; ; 
ae OAT 
Therefore 


| — AnT jw 
Vv 
1 £[t —T,Tyw2(1 + Az] + jo(Tz + To)} 
1 
| aon anna eS 
2 aie 1 _ _jo(T, + To) | 
TyTyw*(1 + Ag) T,To(1 + Ap)w? 


(L+4)Trjo _ 1| 
=< A, 


| 
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ae 1 5 1 terms) and substituting the condition for first-order pha 

pg red lea), ati (Tree Tye and A> 1 correction [eqn. (30)], namely x = y(1 — k): ‘ 

Oy po 2 “14-3 

al fe Vo ju(T, a= To) | kx jkx | f 

a - v, =v.) 1 + —~. + >a 

%0 °0 w*TrTy A To 1>Aw 2 Y ad ee k) d —— k)* A 

t 

Thus the error consists of two components v,., in phase, and Theref peed We vkexe | JOKX? | 

Vq2 in quadrature with the ideal output. These have magnitudes a 0 On Tmt ahi Rye 1 

(expressed in terms of ;) as follows: | 

Thus the residual quadrature error has a magnitude x/(1 — k) | 


(Opapilew 4 BSIGl Yiiey ee = 
eee T3T, A, ame w*T>A> T> To 


For the direct-coupled integrator, A, is replaced by A,, T> by T; 
and Ty) = ©, giving 


v; 


~ Oand oy, ~ = — 
ae gic 


l2 


Up 


(11.4) Criterion for Relative Values of In-Phase and Quadrature 
Errors in the CR-Coupled Integrator 


In the time interval 0 < t < T, (see Fig. 12), the total error 
expressed as a function of time is given by 


t — T,/22 2t 
Aa : ) | V, (1 =a 
| (ap) {+ Mall ~F 
Since the slope of the in-phase error has its maximum value 
at ¢ = 0, and the slope of the quadrature error is constant in 
the specified interval, it follows that, if the initial slope of the 
combined error waveforms is less than, or equal to, zero, the 
error can never exceed + V,. (at t = 0) or — V,y (at t = T)). 
Differentiation of eqn. (43) with respect to time and sub- 
stitution of t = 0 yields the initial slope of the total error wave- 
form, whence the required criterion is given by 


(43) 


Pascet 
vie 
From Section 4.2, 
Veet 
Vox ~ A(T, + Tp) 
whence TI, + > = 


(11.5) Derivation of Errors in the Phase-Corrected Integrator 


From Section 5.2, the actual output v, and the ideal output 
v, are given by 


ae — A3v; i + Jol, 
ET Aa yio jwT, 
Il Se iE 


, A3kv; 
Uo Sa 
T(1 + A3)jw 
Combining the equations: 


, = . 
v=) oe asa C ‘anda | 


1 
Putti SE 
utting Tl + Ajo x and 


and 


=y (x < landy <1) 


1 
wT, 
Y= U[(1 — jy) — jx)“ — jkx)~!] 


Expanding this equation (ignoring anything higher than cubic 


times that of the in-phase error. 
Bs 1 } 

d—k) d—ADd + A3)T3w 

which is much less than unity for w > w3, and the error is 


therefore composed mainly of the in-phase component, a 
magnitude (expressed in terms of 2) 


k*Ayv; 
(1 — k)[wT3(1 + A3)]> 


Now 


Oe ia 


(11.6) Relation of Impulse Response to Amplifier High-Frequeney 
Cut-Off y 


From eqn. (37), 
EE 


The solution of this equation is of the form 


= oe — g(b-—ve 
v= ‘ 
ewe 2y » 
where 6 + y are the roots of the equation p? + Al zi ae a 7 | Et 
1 c 2 
herrea a 
Le. pe alt. + Td + A) ie 
é 
1 4TT, - 
and = agit +70 + ani — te M 
ieee go ee [7.+7Td+APh 
wand 
: ANTE | 
Expanding to a first order onl { g : ea 
1 QT 
aes T 1+A { c 
Yr ee ee apy 
1 
Therefore + p= 
CM ais ses (Gey 
and p-y=— 24704 a] 
if Re? 
Therefore OD), te ae 
ees +70 + A)| 
—t T,.+T0d + Apt 
<<) = CR io Nees 
soe Cpr yy 2 ia 
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MEASUREMENTS ON GAS-DISCHARGE NOISE SOURCES AT 
CENTIMETRE WAVELENGTHS 


By A. C. GORDON-SMITH and J. A. LANE, M.Sc., Associate Member. 
(The paper was first received 18th March, and in revised form 5th June, 1958.) 


SUMMARY 


Measurements are described in which the effective noise tem- 
erature of the type CV1881 argon discharge tube is determined by 
omparison with both a thermal noise source and a continuous-wave 
ignal, at a wavelength of 3-2cm (frequency, 9:4Gc/s). The results 
btained were 10590 + 500°K and 11050 + 1350°K, respectively. 
‘he results are compared with data previously given for argon noise 
ources. 


(1) INTRODUCTION 


The technique in which centimetre-wave receivers are cali- 
ated by gas-discharge noise sources is now well known,!:? and 
s generally preferred to the alternative method which requires a 
<-ntinuous-wave source of known intensity. Measurements of 
he output power of such noise sources are consequently of 
eneral interest. In the helium and neon discharges, the output 
lepends to a marked extent on the discharge current. This 
ffect, however, is relatively small with argon sources. These, 
vhen calibrated, are therefore used extensively as convenient 
ubstandards. It is the purpose of the paper to summarize results 
ybtained by the authors and others in calibration measurements 
MN argon sources, with particular reference to the type CV1881. 
‘his discharge tube, which contains argon at a pressure of 
0mm Hg, is widely used in the United Kingdom. 

At the commencement of the work described below, no 
ublished information was available on the properties of the 
ype CV1881 source. Calibrations by both noise and c.w. 
ignals were therefore undertaken with a view to comparing the 
esults obtained by the two quite different methods. Such a 
omparison is of additional interest, since it relates c.w. power 
tandards operating at levels of several watts with low-level 
hermal sources. Further independent investigations of the 
ower Output of the type CV1881 source have been described 
yy Hughes? and Sutcliffe, and their results are compared with 
hose of the authors later in the paper. 


(2) EXPERIMENTAL PROCEDURE 


The argon source was compared with (a) a thermal noise 
ource at a known temperature, and (6) a c.w. signal of known 
evel, using a superheterodyne receiver of known bandwidth. 
soth experiments were carried out at a wavelength of 3-2cm. 
n the former experiment, the technique followed was essentially 
he same as that described by Hughes? in his measurements at 
Ocm. In the following description experimental details are 
Herefore included only where they serve to illustrate additional 
satures of interest in procedure or equipment. 

The thermal-noise source comprised a tapered mica vane 
pettered with platinum which could be heated to a known, 
niform temperature of approximately 300°C. The discharge 
ube, in a 10° or 15° E-plane mount, was connected to the main 
‘aveguide assembly between the noise source and a radiometer 
civer by means of a directional coupler of coupling factor 
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15-5dB. This arrangement facilitated the rapid comparison of 
two noise powers of approximately equal intensity. The radio- 
meter was of the type described by Dicke,> the noise input being 
compared with thermal noise at room temperature by a modula- 
tion technique using a rotating disc of attenuating material in 
the input waveguide. In order to achieve a constant conversion 
loss in the radiometer it was necessary to ensure that the source 
impedance presented to the crystal mixer at signal and image 
frequencies was the same for each observation. The final com- 
parisons between the argon discharge tube and the thermal noise 
source were made by adjusting the temperature of the latter so 
that identical outputs were indicated by the radiometer in the 
two measurements. If the effective noise temperature of the 
discharge tube is T,, and the temperatures of the thermal load 
and the ambient surroundings at T, and To, respectively (all 
temperatures being in degrees Kelvin), we have 


(T, — To)[T) = (T; — To)/T) = antilog " er) 
where « is the coupling factor of the directional coupler (expressed 
as a power ratio), and WN is the excess noise/temperature ratio. 
T, is thus found from measurements of T;, Ty and «. 

The procedure in the continuous-wave technique was similar 
to that usually followed in measurements of receiver sensitivity 
by means of a standard signal generator. The experimental 
difficulties encountered in such measurements are considerable, 
owing to the large attenuation which is necessary between the 
c.w. source and the receiver. The errors in the determination of 
this attenuation, the effect of stray leakage signals, etc., combine 
to give a total inaccuracy which may be as much as +2dB. 
It is for these reasons, of course, that the method of receiver 
calibration by noise sources is frequently preferred to the c.w. 
technique. Nevertheless, comparison measurements with a c.w. 
source were felt to be worth while in the present investigation, 
especially since the necessary equipment was already available 
and its accuracy known. 

The experimental equipment for comparing the gas-discharge 
tube with a c.w. source of known intensity is shown in Fig. 1. 


DISCHARGE 
TUBE 


FLAP ATTENUATOR 


RECEIVER 
THERMISTOR 
BRIOGE 


Fig. 1.—Calibration of discharge tube by c.w. method. 


OUTPUT 
METER 


DIRECTIONAL 
COUPLER 


The output from the oscillator was first measured by the 
thermistor bridge, which had been calibrated in subsidiary 
experiments by reference to a water calorimeter® and a differential 
air thermometer.’ The vane attenuator was then adjusted so 
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as to produce an output at the receiver equal to that due to the 
discharge tube. The output indicator was a galvanometer con- 
nected to a thermo-junction in the final intermediate-frequency 
stage of a superheterodyne receiver. The total attenuation 
between source and receiver was approximately 90dB, and 
careful screening of the source was therefore necessary to ensure 
that the effect of stray leakage signals was reduced to a minimum. 
Measurements of the if. bandwidth were made by means of a 
standard signal generator, each measurement requiring a large 
number of observations and an integration of the resulting 
response curve. The bandwidth B is defined by 


df 
pa | od 
|e... @ 


where G is the receiver gain, with a maximum value of G,,. The 
receiver response was identical at signal and image frequencies, 
so that the total output, P, when using the noise source is given by 


P = 2kT BF Gm, + 2KBGy(To — To) = 2kBGy[To(F — 1) + Te] 
% TES an AROS) 


where & is Boltzmann’s constant, and F is the effective noise 
factor of the receiver. Similarly, in the c.w. measurement, we 
have 


P = 2kT)BFG,, + P’G,, 
where P’ is the c.w. input power to the receiver. 
Therefore 
P’ = 2kB(T, — To) ere) raw fan ete (4) 


T, is thus readily obtained from the measured quantities B 
and To. 


(3) EXPERIMENTAL RESULTS AND DISCUSSION 
The results obtained for the effective temperature, T,, of the 
type CV1881 source, both in the investigation described above 
and elsewhere, are summarized in Table 1, together with the 
estimated maximum error. 


Table 1 
EFFECTIVE NOISE TEMPERATURE OF THE TYPE CV1881 GAs 
DISCHARGE TUBE (DISCHARGE CURRENT 180MA) 


Authors Method Frequency 


Gc/s dB 
Hughes .. | Noise source and 2°86 15-73 yt0 1 
radiometer 


Sutcliffe .. | Noise source and 9:4 NSVOF/S) et (03) 
superhetero- 
dyne receiver 


Gordon-Smith | Noise source and : 155 + 0:2 
and Lane radiometer 


Gordon-Smith | Calibrated c.w. . Deen 
and Lane signal 


Although a relatively large cumulative error is difficult to 
avoid in the continuous-wave technique, which requires many 
subsidiary measurements, the results obtained by the methods 
outlined above are in good agreement. Together with the data 
previously published,*+ they confirm the merits of the type 
CV1881 discharge tube as a substandard noise source. The 
results of some subsidiary measurements with discharge currents 


between 160 and 200mA were consistent with a mean tem- 
perature coefficient in the value of N of —0-004dB/mA, as 
quoted by Hughes.? 

Further experimental results on argon discharge sources have 
been given recently by other workers. Although the precise 
operating conditions are not always specified, so that a direct\) 
comparison with the results in the Table is of limited value, the| 
results quoted illustrate the range of values obtained for the) 
noise temperature of argon sources of various types. Bridges*: 
obtained a value for T, of 11500°K (N = 15-9dB) at a wave 
length of 0-8cm for an argon source operated at a pressure Ol) 
30mm Hg and a current of 45mA. Using both a Dicke-typey 
radiometer and a conventional superheterodyne receiver, Davies y 
and Cowcher? measured TJ, to be 10300°K (N = 15:4dB) at 2 8 
wavelength of 10cm. A somewhat higher value, T, = 15 100° Kt 
(N = 17-1 dB), has been quoted by Knol,!° who used a thermal| 
noise source at a temperature of 1300°K at 3cm wavelength > 
The standard deviation in 28 measurements of 7, is given al 
600°K. The discharge current was 60mA, but since the pressure E 
is not stated the significance of the result in the present com:) 
parison is uncertain. The precise nature of the physical processes # 
responsible for the production of noise in gas discharges is still 
in some doubt, so that no reliable theoretical analysis of the 7 
effect of varying the pressure or the discharge current is possible.) 
It has been known for some time, however, that the argon dis- 
charge becomes unstable at low pressures; striations exist in the 
positive column and an audio-frequency oscillation can be 
detected across the tube. For a given pressure, these effects can’ 
be reduced by increasing the discharge current or reducing the 
diameter of the tube. The critical current, above which the! 
audio-frequency oscillations are relatively small and have no} 
effect on the measured conductance of the discharge, is approxi 
mately 150mA for the type CV1881 source. It is possible, 
therefore, that the relatively high noise temperature measured} 
by Knol is due, in part at least, to an instability of the type, 
described above. 


5 


(4) CONCLUSIONS 


The effective noise temperature of the type CV1881 argon-) 
discharge noise source has been determined for an E-plane! 
mount at a discharge current of 180mA by comparisons): 
against a thermal noise source and a c.w. oscillator at 3-2cm)) 
The results obtained were 10590 + 500°K and 11050 +) 
1350°K, respectively (i.e. excess noise/temperature ratios ol}. 
15-5 +0:2dB and 15-7 +0:5dB). These results indicate 
agreement, within the accuracy of the comparison, betweer) 
high-power c.w. standards and the thermal noise source. 


ie 
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METHODS OF CALCULATING THE HORIZONTAL RADIATION PATTERNS OF fe 
DIPOLE ARRAYS AROUND A SUPPORT MAST 


By P. KNIGHT, B.A., Associate Member. 


(The paper was first received 2\st May, and in revised form 29th July, 1958.) i 


SUMMARY 


Many y.h.f. broadcast transmitting aerials consist of an array of 
dipoles mounted on a supporting mast. Some theoretical methods 
which may be used to determine their horizontal radiation patterns 
are described and their limitations discussed. Patterns calculated by 
these methods are compared with those measured using small-scale 
models. 


(1) INTRODUCTION 


V.H.F. broadcasting aerials often consist of arrangements of 
dipoles mounted on a supporting structure. The support is 
usually of metallic construction and currents are induced on 
it. The field associated with these currents may modify the 
radiation pattern to such an extent that the supporting mast 
must be considered as an integral part of the aerial system. 

The supporting mast is usually of lattice construction, and in 
the absence of screening, its effect would be difficult to predict, 
as it depends on the arrangement of the structural members. 
The mast is, however, often covered by a screen of wires 
parallel to the plane of polarization of the radiated wave in 
order to reduce the fields within the structure. Its outer surface 
then behaves as a continuous sheet and may be treated as such 
theoretically. ( 

The cross-section of the mast usually takes the form of a 
circle, a square or an equilateral triangle. The horizontal 
radiation patterns of arrays of vertical dipoles on masts of 
circular cross-section may be calculated exactly (see Section 2), 
but no such solution exists for masts of any other shape, or for 
horizontal dipoles. Approximate methods of treating these 
cases are described. 


(2) CARTER’S METHOD FOR CYLINDRICAL MASTS 


If a cylinder is placed near a Hertzian doublet, currents will 
be induced on its surface and the radiation pattern of the doublet 
will be modified. The polarization of the resultant wave will 
depend on the relative orientation of the doublet and the cylinder 
and will in general be elliptical. The electric field can always be 
resolved into two orthogonal components normal to the direction 
of propagation; it is convenient to resolve the field into vectors 
perpendicular to, and lying in, the plane containing the axis of 
the cylinder. 

Carter! has derived exact solutions for these two components 
by treating the doublet as a receiving aerial. The voltage induced 
in the doublet is calculated in turn for incident waves polarized 
in the directions of the two components; these voltages are, by 
the principle of reciprocity, proportional to the two components 
of the field which would be radiated if the doublet were driven. 

Each of the incident waves is assumed to be plane and is 
resolved into a set of standing cylindrical waves whose axes are 
coincident with the axis of the cylinder. The field re-radiated 
by the currents induced on the surface of the cylinder can also be 
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resolved into a similar set of cylindrical waves, and their of a 
tudes and phases may be determined by equating the sum of the 
two sets of waves to zero at the surface of the cylinder, since no 
tangential electric field can exist there. Both sets of waves are © 
then completely specified and the voltage induced in a doublet f 
having any position and orientation may now be calculated. 
Carter’s results are stated for doublets having the three! 
orthogonal orientations shown in Fig. 1; the field due to a if 


es 
RADIAL 
DOUBLET ba 
is s TANGENTIAL 
DOUBLET 
VERTICAL 
DOUBLET 
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Fig. 1.—Types of doublet. 


doublet having any other orientation can, of course, be obtained ; 
by resolving it into three component doublets. In this paper, } 
attention has been confined to the fields set up by each of these } 
arrangements of doublets in the plane perpendicular to the} 
cylinder, which is assumed to be vertical. Carter’s formulae for | 
these horizontal radiation patterns (h.r.p.’s) take the form of | 
Fourier series with complex coefficients and are closely related | 
to the corresponding formulae for the doublets in free space. _ 

The formulae for the h.r.p.’s of arrangements of vertical | 
doublets apply exactly to similar arrangements of vertical dipoles, | 
since the radiation patterns of all the elementary doublets which} 
form a dipole are identical in shape. The h.r.p.’s of horizontal | 
dipoles mounted on a cylinder could be calculated by apply mia 
the formulae for tangential and radial doublets to the elementary 
doublets forming the dipoles, but the necessary integration can | 
only be performed numerically; this method is therefore | 
impracticable. The pattern may, however, be calculated fairly 
accurately if each dipole is replaced by a doublet situated at its 
mid-point. A more accurate result is obtained if this substitution - 
is used to calculate only the field radiated by the currents induced 
in the cylinder, the direct contributions from the dipoles them- 
selves being determined exactly by the usual geometrical method | 
(this method was used for the patterns described in Section BR) 
Alternatively, tangential dipoles may be assumed to behave as” 
dipoles bent into arcs of circles concentric with the cylinder. 
Although an exact solution exists for this arrangement, the use 
of this approximation for linear dipoles gives a less accurate 
result because the contributions from the dipoles themselves are | 
calculated only approximately. 

Carter’s method may be used to obtain an approximate solu- 
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ion for a mast of polygonal cross-section provided that the 
vidth of each face is sufficiently small compared with the wave- 
ength. If the radiating elements are vertical, the mast may be 
eplaced by an equivalent cylinder having the same inductance 
er unit length; the radius of this equivalent cylinder may be 
alculated exactly if the mast is a regular polygonal prism.” 
[hus triangular and square masts having faces of width s may 
ye replaced by cylinders of radii 0-42s and 0-595 respectively. 
3ut when the radiating elements are horizontal, the diameter of 
he equivalent cylinder depends not only on the shape of the 
nast but also on its orientation relative to the elements. For 
xample, if the supporting mast were a thin strip it would have 
10 effect on the h.r.p. of a dipole at A (Fig. 2), but a maximum 


B 
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fig. 2.—Horizontal dipoles near a support of ‘strip’ cross-section. 


“fect for a dipole at B. For masts whose cross-sections are 
‘egular polygons, however, experience has shown that for hori- 
‘ental radiating elements a good approximation is a cylinder of 
he same perimeter. 

Comparison of measured and calculated patterns has shown 
hat these approximations give reasonably accurate results for 
triangular masts whose sides are less than 0-3A wide and for 
:quare masts less than 0-5A wide. 


(3) THE INFINITE-PLANE METHOD FOR LARGE 
POLYGONAL MASTS 

If the faces of square, triangular or other polygonal masts are 
30 wide that the radiating elements may be mounted more than 
: wavelength from the corners, each face may be treated as an 
ufinite plane and its effect calculated by the method of images. 
Che total field in any direction may then be obtained by adding 
he contributions from those faces which are visible, with due 
‘egard to phase. 

This method can be used only for masts whose faces are at 
east 2A wide. It fails to give accurate results for smaller masts, 
secause diffraction effects at edges cannot be neglected in such 
7aSes. 


(4) METHODS FOR POLYGONAL MASTS OF 
INTERMEDIATE SIZE 

Square or triangular masts whose sides are less than 0:5A 
or 0: 3A wide respectively may be replaced by equivalent cylinders 
2nd the patterns of dipoles mounted upon them calculated by 
Carter’s method, described in Section 2. Alternatively, if the 
aces are at least 2A wide the infinite-plane method described in 
section 3 may be used. Both these methods fail if the width of 
he faces lies between these limits. Two methods which give 
nore accurate results when the mast is of intermediate size are 
lescribed in this Section. 


(4.1) The Induced-Current Method 


Moullin has shown? that the radiation pattern of a current 
iament F (Fig. 3) parallel to a ribbon AB can be calculated with 
i@le error by assuming that the current density at any point on 
he ribbon is the same as that at the corresponding point of a 
ip AB of an infinite plane EC. No minimum width for the 
isbon was stated, but it was shown that radiation patterns 
2 culated by this method are in good agreement with measured 
» iterns, provided that the ribbon is more than a wavelength 
* Je. 
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Fig. 3.—A filament parallel to a conducting ribbon. 


The radiation pattern in a plane perpendicular to the axis of 
the ribbon is unchanged if the infinite filament is replaced by one 
of finite length or by a dipole. In applying it to arrays of dipoles 
mounted on polygonal masts, each face which has a dipole 
associated with it is assumed to carry the current which would 
be induced on it if it were part of an infinite plane. The currents 
induced on the face by dipoles mounted on other faces are dis- 
regarded; these currents will be very small for square and 
triangular masts, since the face always lies in the shadow of the 
adjacent dipoles.* The radiation pattern of each face and the 
dipole upon which it is mounted is then calculated over the 
complete range of angles, and the fields produced by all the 
dipoles are added, with due regard to phase, to give the resultant 
h.r.p. The method of calculation is described in greater detail 
in Section 9.1. 

If the filament is replaced by a line doublet (Fig. 4), the currents 


Fig. 4.—Ribbon and line doublet. 


Arrows show direction of current flow. 


induced on an infinite plane will change their direction through 
a right angle, but their amplitudes and phases will remain the 
same. It is reasonable to suppose that no great change in the 
distribution will occur if the plane is replaced by a ribbon more 
than one wavelength wide. This assumption has therefore been 
used as a basis for calculating the radiation patterns of hori- 
zontal dipoles mounted on polygonal masts, each dipole being 
treated as a line doublet. 

It is shown in Section 9.1 that the radiation pattern of a line 
doublet parallel to a ribbon may be derived from the correspond- 
ing pattern for a filament parallel to a ribbon simply by multiply- 
ing by cos p (Fig. 3). If the radiating element is a horizontal 
dipole the filament pattern may instead be multiplied by the 
dipole radiation pattern. This alternative is thought to be 
slightly more accurate, since the pattern of the dipole itself is 
not distorted. This method was therefore used for the calcula- 
tions described in Section 5. 


(4.2) The Diffraction Method 


A disadvantage of the method described in Section 4.1 is that 
the currents induced on the faces adjacent to those upon which 


* If the mast has more than four faces, each face may be illuminated by dipoles on 
adjacent faces and the resulting induced currents may not be small. Since, however, 
the cross-section will more nearly resemble a circle, Carter’s method should be 
applicable to masts of greater cross-sectional area. 
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the radiating elements are mounted are assumed to be zero and 
are therefore neglected. These currents, although small, never- 
theless contribute to the distant field. Their presence can be 
demonstrated by the fact that the h.r.p. of a single horizontal 
dipole mounted on a large mast does not, in general, exhibit zeros. 
Had the current been confined to the face parallel to the dipole, 
two diametrically opposite zeros would have been present. 


en 


A (aToo) 


Fig. 5.—A current filament near a conducting wedge. 


on 


Fig. 6.—A current filament near a conductor of triangular 
cross-section. 


Fig. 8.—Theoretical and measured h.r.p.’s of a dipole spaced 0-25A from a triangular mast 1-0A wide. 


(a) Vertical dipole. 


H.R.P. calculated by Carter’s method. 
-+---- H.R.P, calculated by the infinite-plane method. 
—-—-- H.R.P. calculated by the induced-current method. 
——-— H.R.P. calculated by the diffraction method. 

© © Measured points (averaged over 360°). 


To overcome this difficulty, Schelkunoff’s formulae* for the 
diffraction of a cylindrical wave by a wedge have been applied to. 
the corners of polygonal masts. Schelkunoff gives an expression | 
for the radiation pattern of a filament F in the presence of a 
whole plane bent into a wedge A’OB (Fig. 5); it can be shown 
that a similar expression may be derived when the filament is 
| 
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Fig. 7.—The radiation pattern (in complex form) of a current 
filament parallel to a strip one wavelength wide. 


Radiation pattern calculated by the induced-current method. 
—--- Radiation pattern calculated by the diffraction method. 


The phase of the field is referred to the mid-point of the strip. In the absence of — 
the strip its amplitude would be 0:5. 


(6) Horizontal dipole. 
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replaced by a line doublet (see Section 9.2). If the field of the 
filament in the presence of the whole plane AOB is subtracted 
from that of the filament in the presence of the wedge, the 
difference is equal to the diffracted field which is set up when the 
plane is bent. 

In applying this result to a mast we will assume that the field 
diffracted at O* will be changed very little if the plane is bent 
again at Q and R, although these bends will, of course, set up 
additional diffracted fields. This assumption is reasonable pro- 
vided that Q and R are a wavelength or more from O; it is similar 
to Moullin’s assumption that no change takes place in the 
current distribution near the edge of a half-plane when most of 
the half-plane is removed. Thus in calculating the pattern of an 
element at F, the fields diffracted by the corners at O and Q are 
calculated separately by assuming that these are corners of 
infinite wedges. The two diffracted fields are then added to the 
field which the element would set up over an infinite plane AB. 
The fields diffracted at all other corners are neglected. 

When the radiating element is a vertical dipole the solution 
for a filament is used. When it is a horizontal dipole the dif- 
fracted fields appropriate to a line doublet are added to the 
infinite-plane solution for a dipole, as the diffracted fields for a 
dipole cannot easily be calculated. The error resulting from the 
use of this approximation is very small. 


_ * For simplicity the expression ‘the field diffracted at O’ is used to denote the change 
in field caused by bending an infinite plane at O to form a wedge. 
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Horizontal radiation patterns calculated by the method 
described exhibit smal] discontinuities resulting from the approxi- 
mation made. For example, referring to Fig. 6, the field 
diffracted at O is necessarily assumed to be zero in the sector 
A’OB, and the field diffracted at Q is assumed to be zero in the 
sector B’QA. It follows that the total field calculated will, in 
general, be discontinuous along the lines OA, QB, RA’ and RB’, 
With horizontal polarization the value of the field will be dis- 
continuous; for example, the field diffracted at O will be finite 
up to the boundary (A’OB) of the sector in which it is zero. 
With vertical polarization the field diffracted at O will fall to 
zero at the boundary A’OB, so that the discontinuity will be 
one of gradient only. In all h.r.p.’s computed for vertical 
polarization the discontinuity in gradient has proved imper- 
ceptible. The discontinuities of both types would vanish if 
account could be taken of multiple diffraction. 

It is of interest to compare the patterns calculated by the two 
methods described in this Section for the special case where the 
‘mast’ is a thin strip. The pattern of this arrangement is 
calculated directly by the induced-current method and may be 
calculated by the diffraction method by bending the plane 
through 180° at O and Q. The patterns for a filament distant 
A/4 from a strip one wavelength wide calculated by these two 
methods are compared in Fig. 7, and it will be seen that the 
agreement is quite good. Equally good agreement was obtained 
when the calculations were repeated for a line doublet. 


(5) COMPARISON OF CALCULATED WITH MEASURED 
PATTERNS 

Radiation patterns have been calculated by all the 
methods described in the paper for horizontal and vertical 
dipoles mounted centrally on the faces of square and 
triangular masts. For both mast shapes the width of each 
face was one wavelength, this value being chosen because 
it lies within the range in which both of the approximate 
methods described in Sections 2 and 3 fail. The object 
was to determine whether the methods described in Sec- 


tion 4 gave more accurate results. Horizontal radiation 
pattern measurements were therefore made with small- 
scale models. All the h.r.p.’s have been normalized so 
that their maximum values are unity. 

The h.r.p.’s for a triangular mast associated with a 
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single dipole are compared in Fig. 8. Considering first 
vertical polarization [Fig. 8(a)], it will be seen that the 
h.r.p.’s calculated by Carter’s method show fairly good 
agreement with the measured results, but the infinite-plane 
method gives poor results because backward radiation is 
entirely neglected. The methods described in Section 4 
both show better agreement. 
With a horizontal dipole [Fig. 8(5)] the infinite-plane 
method is a better approximation than Carter’s method, 
_ the latter giving too large a field in the backward direc- 
tions. Both the methods described in Section 4 give 


reasonably good agreement. The discontinuities in the 

curve calculated by the diffraction method should be 

noted; the reason for them was explained in Section 4. 
Fig. 9 shows the corresponding patterns for co-phased 


(@) (b) 


_ Fig. 9.—Theoretical and measured h.r.p.’s of co-phased dipoles spaced 


0-25A from a triangular mast 1-0A wide. 


(a) Vertical dipoles. (b) Horizontal dipoles. 
H.R.P. calculated by Carter’s method. 
------ H.R.P. calculated by the infinite-plane method. 
—.—.- H.R.P. calculated by the induced-current method. 
——— H.R.P. calculated by the diffraction method. 

O O Measured points (averaged over 360°). 


dipoles mounted on all three faces. These patterns were 
calculated by combining the single dipole patterns with 
due regard to phase. The methods which gave the closest 
agreement with the measured patterns for single dipoles 
would also be expected to give the best agreement in 
this case. It will be seen that this is, in fact, true, the 
two methods of Section 4 showing quite good agreement 
throughout. 
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With a square mast, the h.r.p.’s calculated by the methods 
described in Section 4 again showed good agreement with 
measured values. Carter’s method and the infinite-plane method 
were also fairly accurate when the dipoles were vertical. 


(6) CONCLUSIONS 


By using the more accurate methods described in Section 4, 
the h.r.p. of a dipole mounted on a mast of polygonal cross- 
section may be calculated when the size of the mast is such 
that neither Carter’s method nor the infinite-plane method can 
be used. But, in practice, the calculation involved is long and 
tedious, and the solution to the problem can usually be obtained 
more easily by making measurements with a model. 

The fact that it is possible to calculate an accurate pattern 
when the mast is of intermediate size shows that the initial 
assumptions made about the current distribution were justified. 
A better understanding of the way in which the combination of 
mast and dipole radiates has therefore been obtained. Thus 
when a dipole is mounted at the centre of a face one wavelength 
or more wide, the currents induced on other faces are small and 
contribute little to the radiated field. With masts of this size a 
practical implication is that screening rods may be required only 
on those faces which have dipoles mounted upon them. 

If measurement is not possible and calculation becomes 
necessary, the most suitable method must be chosen. If the 
size of the mast is such that neither Carter’s method nor the 
infinite-plane method is suitable, one of the methods described 
in Section 4 must be used. These lead to results of similar 
accuracy, so that preference may be given to the method requiring 
the simplest calculation. 

Radiation patterns may be calculated directly from tabulated 
functions by the diffraction method, but the calculation is long 
and tedious. With the induced-current method a number of 
numerical integrations must be performed (unless the mast is 
large enough for the integrals to be replaced by asymptotic 
approximations) and the calculation of a single radiation pattern 
is no shorter. However, the functions which require to be 
integrated depend only on the spacing of the element from the 
mast face, and once these have been plotted the patterns for a 
variety of mast widths and element positions may be rapidly 
obtained by integrating between different limits. Moreover, 
when the field of an element, and the face from which it is 
supported, has been calculated, it may be used for square, 
triangular or other polygonal masts without modification. A 
further advantage is that the patterns for horizontal dipoles may 
be derived from the corresponding patterns for vertical dipoles 
by a simple multiplication. Thus, although the work involved 
in calculating an isolated pattern by either method is consider- 
able, the induced-current method is much more flexible in its 
application and is therefore to be preferred. 
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(9) APPENDICES 


(9.1) Formulae for Calculating Radiation Patterns by the 
Induced-Current Method 


In the method described in Section 4.1 the current distribution 
induced on a mast face by a filament or a line doublet is assumed: 
to be the same as that which would have been induced had the 
face formed part of an infinite plane. The field due to the current 
on the face is then obtained by integrating over the width of the 
face and is added to the field due to the radiating element itself. 


A DI y ae iB 
Ww 


Fig. 10.—A current filament parallel to a conducting strip. 


The field at a distant point radiated by the current duce 
on a strip AB (Fig. 10) by a current filament at P carrying a 
current J is | 


| 
E,=K | J,elesinddy:, .) | a 
i; | 


where K is a constant and J, is the surface current density, | 
given by | 
: aI d 
The phase of the field is referred to the point D. This integral | 
cannot be solved analytically. A numerical integration must be | 
performed for each value of ¢, but the actual process of integra- | 
tion need only be performed within a range of 90° because the 
function is symmetrical. If the integration is carried out | 
graphically the same curves may be used if the width of the strip | 
or the position of the filament changes, provided that the spac- | 
ing d remains unaltered; only the limits are changed. . 
The field due to the filament itself referred to the point D is 
KI¢i#dcos$; the total field is the sum of the two fields. In the 
region 90° < ¢ < 270° the two fields tend to cancel, giving a 
small residual field in the backward direction. 
This method will now be extended to the case in which the | 
radiating element is a line doublet. If the moment. of the 
doublet is M per unit length the surface current density is 


aM d | 
Je =i CHP Bp) oa. 


| 
| 


and the field radiated by the current induced in the strip is 


: 
E,=Kcos¢ i Jgltusnbdy +. - = nnn 
A 2 
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his integral is identical with the previous result for a filament, 
nce J,/M =J,/I. The field due to the doublet itself is 
Moos Pe/*4e08$, Tt will therefore be seen that the radiation 
attern of a doublet and a strip may be derived from the corre- 
kang pattern for a filament and a strip simply by multiplying 
y COs P. 

If AD and DB (Fig. 10) are greater than 3A/4, and if PD is 
ss than A/4, the radiation pattern may be calculated by an 
yproximate method. When these conditions are satisfied, x 
ad p are approximately equal in all parts of the plane outside 
B and the asymptotic form of the Hankel function may also 
> used. The integral can then be solved between any limits 
hich do not include the strip AB. Thus, if the radiating ele- 
ent is near a whole-plane, the contribution to the total field 
hich is due to the currents induced on those parts of the plane 
itside AB may be calculated separately. If this contribution is 
ibtracted from the total field the remainder is equal to the 
2ld which would be set up by the element in the presence of 
ie strip AB; when the radiating element is a filament this is 
ierefore equal to 


j2KI sin (Bdcos ¢$) —E,—E, .-. . (4) 


A 
here Eek | J,ei0x sind dx 
—o 


[o@) 
ad Ej, =K, ) J,eibx sin d dx 
B 
nee the current distribution is given selbst. by 


J, 2 = 4— IB On) a3 (5) 


( Bx an 
field radiated by the currents on the part of the plane beyond 
is 
' iad e JexU—sin $) 
Ey ~ — Kel x /BV Gm) ~ (Bape dx (6) 
Ww 
aere DB = w 


Making the substitution t = Bx(1 — sin ¢) gives 


a CL. , ee 
Ey Kelri4yIy/[20 — sin 1 wit eae a) 
rere v = Bw(1 — sin 4) 
OW | Gee Bie +iven | at . (8) 
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1e-e C(v) and S(v) are Fresnel’s integrals, defined in the form* 


CO SG) = | Fant (10) 


or a Table of Fresnel’s integrals in this form see ‘Tables of Functions’ by Jahnke 
i“ mde, p. 35. 
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The field due to the currents in the part of the plane beyond B 
is therefore 


i pe _— Keinis24 sie Nee jv 


+ j2m/(1 — sin ¢)[$ — 7% 


Cl) 4 isco} (1) 
E,, may be evaluated in a similar way. 


(9.2) Schelkunoff’s Formulae for Diffraction at a Wedge 


Schelkunoff gives two formulae* in the form of infinite series 
for the field at a point P [Fig. 11(a)] due to a current filament F 


Fig. 11.—Radiating elements parallel to a conducting wedge. 


(a) An electric current filament. 
(6) A magnetic current filament. 


near a wedge of external angle %. These two formulae are 
identical if p is equal to pp. When p is not equal to pp one series 
diverges and cannot be used, but the other converges. If P is 
a distant point, p is greater than pp and the convergent series is 
then the expression for E+(p, $), which is 


E+(p, ¢) =— iE y Bp HM (Bp) sin vy sin vd (12) 


p 
where v = mm/s, n is the intrinsic impedance of the medium 
surrounding the wedge and J is the filament current. 

In the present case we are only concerned with the field at a 
distant point, and for this the asymptotic form of the Hankel 
function may be used. Thus as p > 00 


2; ; 
H2( — fae er ; (13) 
Bp 7B 


ia ee : : 
The factor — a —_¢J(@e—7/4), which does not involve ¢, 
vin 
may be neglected. The field at a large constant radius from the 
apex of the wedge is therefore proportional to 


(14) 


7 YI (Bpe*!? sin r¢y sin vd 
ob m=1 

The amplitude of the field given by this expression is such that, 
if the wedge were removed, the field radiated by the filament 
would be of magnitude one-half in all directions. The phase 
term indicates the variation in the phase of the field at a large 
constant radius from the apex of the wedge. 

The corresponding formula for a line doublet and a wedge is 
not given by Schelkunoff, but it may be derived from his expres- 
sion for the field produced by a magnetic current filament (a 
source of cylindrical waves with the magnetic vector parallel to 
its length). 

Fig. 11(6) shows a wedge, a magnetic current filament V and 
a non-radiating doublet AB. The electric field at the doublet 
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may be tet by E, and Ey; the field in the direction AB is 
then E, = E,cos¢ — Essin gd. This will vary as V moves 
round the wedge, and the current induced in the doublet will 
vary accordingly. 

If the principle of reciprocity is applied, this variation of FE, 
will also describe the variation in the current induced in a 
receiving loop aerial placed at the position of V if the doublet is 
driven. If po is then made sufficiently large the electric intensity 
at the loop will be perpendicular to the line joining it to the 
apex of the wedge and the variation of E,, will describe the far- 
field radiation pattern. 

By expressing Maxwell’s equation 
polar form we obtain 

1 O#. OLE 


=> eae — ee . .- 15 
Ey jwep op’ ze we Op > 


E=(jwe)curlH in 


where H, is the magnetic field parallel to the length of the 
magnetic current filament. Since pg > p, Schelkunoff’s expres- 
sion for H7(p, $) must be used; this is 


a7BV 


abn 
+2 SHY BpodI(Bp) cos vy cos | (16) 


HH; (p, $) = — Ee °2)(Boo)Jo(Bp) 


where v = m7/ys and V is the magnetic displacement current. 


Now when pp > © 


a 
(Boo) > A) e-H@e0—n/4) 
0 Po 7BPo 


g—i(@e0—7/4—vr/2) 


Neglecting the common phase term e—/(@e0—7/4) and denoting the 
constants outside the brackets by « we have 


H, =« Ec “2 2 EMD (6p) COS Vo COS v6 | (17) 
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Then | 
: me oe ae St e*2yJ,(Bp) cos fo sin vp | 
= 5 >> bmn Bp “J(Bp) cos vpo sin vp | 
> ee eFl2TJ,_1(Bp) + Jy4.1(Bp)] cos vo sin vp (18) 

Also 
Es = é. so =H y (Bp) +2 aS eWTI23’(Bo) cos vy COS " 


jK 
ae J,(Bp) + > eh? [Sv_1(Bp) ; 
— Jy. (8p)] cos vdo cos val (1s 
Substituting these values in the expression 
Ey es — Feng 


rearranging it may be shown that 
E =H) (Bp) sin d + S ehh [Jy (8p) sin (v — 1d . 
+ J,.,(8p) sin (v + 1)d] cos vo} (0, 


Thus, when the doublet radiates, the electric field Ey at a larg) 
constant radius from the apex of the wedge is proportional to . 


4s i(Bp) sin & + Sehr [3,_ (Bp) sin(v — 1)¢ | 
+ J,.1(Bp) sin (v + 1)4] cos vo (2: 


The amplitude of the field given by this expression is such tha!) 
if the wedge were removed, the maximum field radiated by tk 
doublet would be of magnitude one-half. The phase ter) 
indicates the variation in the phase of the field at a large cot) 
stant radius from the apex of the wedge. 
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IMULTANEOUS VARIATION OF AMPLITUDE AND PHASE OF GAUSSIAN NOISE, 
WITH APPLICATIONS TO IONOSPHERIC FORWARD-SCATTER SIGNALS 


By T. HAGFORS, Siv.Ing., and B. LANDMARK, Dr.Phil. 


(The paper was first received 25th April, and in revised form 5th August, 1958.) 


SUMMARY 


‘The conditional probability density p(¢/A) is obtained for Gaussian 
yise, where 6 = ‘Y’,—; is the difference in phase as observed at 
ie two times ¢ and ¢ + t and A the envelope at either tort +t. The 
ean of |¢| subject to the condition of a particular value of A is 
aluated using numerical methods, and the variation of [¢],4 with A 
discussed. A simple relation is obtained for the limiting case when 
> 0, 

‘The noise character of the signal in an ionospheric scatter circuit 
is been tested. It is concluded that the simultaneous variations of 
enal amplitude and phase are in good agreement with those to be 
pected for Gaussian noise, and also that the assumption of a 
mdomly phased angular spectrum appears to be justified. 


LIST OF SYMBOLS 


¢ = Phase difference. 
Y = Phase angle. 
A = Signal amplitude. 
p = Correlation function. 
7 = Time difference. 
€ = Aerial separation measured, wavelengths. 
v = Mean phase angle. 
f = Frequency. 
Aw = R.M.S. angular frequency deviation. 
a = Off-path angle. 
| S = Sin «. 
'w(f) = Power (frequency) spectrum. 
3(S)|? = Angular power spectrum. 
Po = Total noise power. 
413 = Cosine-Fourier transform of w(/). 
#14 = Sine-Fourier transform of w(/). 
R= V(ui3 + Hia)/Po- 
p(x) = Probability density of x. 
(x/z) = Probability density of x for given values of z. 
(x, z) = Probability density of x and z. 


(1) INTRODUCTION 


‘The weak signals which are received at very high frequencies 
ver distances of 1 000-2000 km by ionospheric forward scatter- 
g have been extensively studied during the last few years. It 
‘by now well known that the signal consists of a discontinuous 
irst component due to specular reflections from meteor trials, 
id a continuous Rayleigh fading component, the origin of 
hich is still under debate. The noise properties of the signal 
€ usually tested by examining whether the envelope of the 
znal conforms to a Rayleigh distribution. Generally it is 
ought, however, that this test is not very satisfactory in that 
znals other than those of a Gaussian noise type might well have 
¥ayleigh envelope distribution. 
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It is the purpose of the paper to deduce some properties of 
Gaussian noise in which both the phase and amplitude of the 
signal are involved, and to apply these results to test the noise 
character of an ionospheric scatter signal. 

Rice in his papers on random noise! has shown how a large 
class of properties of the noise can be derived from a know- 
ledge of the power spectrum. In particular, it is stressed that a 
Fourier relationship exists between the power spectrum w(/) 
and the correlation function p(7). 

A number of workers have applied noise theory to diffraction 
problems associated with ionospheric propagation, and a 
summary of this work has been given by Ratcliffe.2 Plane waves 
which are incident on a one-dimensional screen imposing random 
variation in phase and amplitude are shown to be spread out 
in a cone of waves. The diffracted waves may be described in 
terms of an angular (complex) spectrum F(S). A Fourier 
relationship connects |F(S)|* and the autocorrelation function 
p(é), where € is the spacing (measured in wavelengths parallel to 
the screen) between the points at which the signal is observed. If, 
in particular, the diffracted waves can be considered as originating 
in a large number of independent scattering elements, the angular 
spectrum must become ‘randomly phased’, since it is composed 
of elementary waves of different directions and with random 
phases. In an analogous way the power spectrum w(/) can be 
considered as being composed of sinusoidal element waves of 
different frequencies and with random phases. Under the con- 
ditions stated it can therefore be expected that results of the 
classical noise theory may be applied directly to diffraction 
phenomena provided that w(f) is replaced by |F(S)|?, and 


p(z) by p(€). 


(2) THEORETICAL CONSIDERATIONS 


In the calculations given below, all results are derived in the 
time/frequency domains. The theoretical results are, however, 
applied to test both the noise characteristics and the assumption 
of a randomly-phased angular spectrum of an ionospheric 


forward scatter signal. 
In Section 2.1 an expression is derived for the conditional 


probability density p(¢/A), where ¢ = ‘V, — V,, ‘2 being the 
phase at the time ¢ +7 and ‘, that at ¢, and where 4 is the 
instantaneous signal amplitude either at ¢ +7 or at 4. This 
result is used in Section 2.2 to calculate [4] as a function of 
amplitude A, and finally in Section 2.3 a limiting operation is 
performed on [4] 4 to derive a relation between the mean of the 


modulus of the rate of change of phase, hel. and amplitude A. 


(2.1) Derivation of Conditional Probability Density p(</A) 
Starting with the joint probability density of 4,4,V,V, it 
can be shown? that (see also Reference 1): 


Aj Ag 3 (424 43)Po—2A1AaPoC 1 
P(A, A>, dp) = “9-5 l(4j+ 49) Po 2 142F0 J 5 ( ) 
27B 
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where B = P2 — p2, — pt, = PRU — R’) (2.2) Evaluation of dla 


C = 143008 d + py4sin d = Rcos (¢ — v) The mean of |d| subject to the condition of a particulai| 
tan v = py4/ 1443 value of A, again assuming v = Q, is given by | 
eS * ! 
| 
pa J wnar pes 2 | bogarde a | 
(oo) : : u 

It appears difficult to give the results by an analytical expression) 

= cos 2n(f—fo)rdf 

ve Jwen AE and numerical methods were resorted to. [4] was first founc 


eo for a set of values of 7, which is actually the only parameter 
it ode [we psd amt Foase The result is shown in Fig. 2, which is a plot of |] versus T. 


Be Contre Bey afi pike Soeecrimn The information obtained in Fig. 2 can be employed t 
9 = Centre freque : 
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The joint probability density of the phase difference @ and A; ) 
is found by integration over A>. It should be observed that i 
expression (1) is symmetrical in A; and A. Hence p(A;, d) and 


se 
p(A>, ¢) must be identical. The subscripts of the A’s are there- W 60 
fore omitted, and in what follows it is understood that A means Z 
the amplitude either at the beginning or at the end of the i 
interval T. ic 
The integration can be carried out in a straightforward ee 
manner, giving a 
A PoA2 U>0 = > 
p(¢, A) = sey + /(2n)UeW2[0-5 + erf (U)]} 5 . 
0 
(2) o 1 2 3 4 
A R Z * 
where U =Tcos(¢ — ») = A/ Po AL = RO) cos (P — v) Fig. 2.—Mean of the modulus of phase difference ¢ plotted against 7 
£(U) =< | Ig Se 
er = pee | ees 
V (277) 40 Sule 
It is well known that the amplitude A is Rayleigh distributed, Be TaN NG NOPE Epos 
and hence 260 0-6 
fy SOS 2a ESA Soares . 
DOA) el rap U[0-5 + erf(U)] ) ¥>° rs 0-8 1 
a —— 1 Sa) Se Se Ee ee i oi 
p(¢/A) eK 5,6 =. a U<0 EE ee NOS Nn NSD . 
ne Uae a 0:95 4 
/ (27) Ties (Heyes eee ag 2X UNS Nee ee oy 
(3) 4) . 20-05 Sul) © een INA eAS | 
z : 
with the notations as above. This density function is plotted 4 | 
in Fig. 1 for v = 0 with T = (Af/>/Ro)[R/\/(1 — R?)] as para- ae OBN.OlS MALO 30 50 10 | 
2 Al TP, 
= Fig. 3.—Mean of the modulus of phase difference ¢ plotted agains | 
& Al./Po with R as parameter. >| 
‘= f 
Bog : . 
i determine {d]4 as a function of A/,/Po with R as parameter. 
a0: = S ° ‘ 
ce The interrelation between [A] 4 and A/\/Pp is shown in Fig, % 
5 for a set of values of the correlation R. It is observed that small! 
acs phase differences can be expected at high amplitude levels atl 
05 vice versa. The dotted horizontal lines in Fig. 3 give the valuc 
eos of [4] disregarding the value of A (i.e. [A] = arc cos R). 
q 03 
NS ae 4 = 
6 0-2 Se (2.3) Derivation of a Relation Between [w and A 


When the time separation 7 between the points at which the 
phase and amplitude are observed becomes very small, it is 
evident that 


} 


Fig. 1.—Conditional probability density of the phase difference oO) owe = 
for prescribed values of amplitude A. a dt 

P ter T = —4 & f 
srAMSten De oa that A; ~ a =A. As 7 tends to zero, the quantity 2 
. 3 tends to unity, and eqn. (3 f 
meter. Other values of v only shift the position of the maximum s uae i 
of the function, but this does not change the form of the U “| 
distribution. p(p/A) > ee a 6 
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urthermore 13s ar ee 
| Saini: 2 
nere (Aw)? = =| ( — wo?w(Naf 
Poo 
4 1 AURCOS@ Ci At 1, 
ence p(d/A) > Vn) Ps Kart 2% Kom # 4-2. (6) 


/ now 1d] a4 is evaluated with this form of p(¢/A), one obtains 


Bla — Aw,/2 Yo 
Ti A 


TT 


nd accordingly in the limit ast + 0 
= (62) == 
TP, y| - 


nis result can also be found directly from a knowledge of 


LA, P). 


(3) OBSERVATIONAL RESULTS 


| This result of Section 2 will now be applied to test both the 
eise characteristics of the signal in an ionospheric scatter 
‘cait and the assumption of a randomly-phased angular 
vectrum. The transmitter for the scatter circuit is located at 
yomso (70°N, 19°F) and the receiver station is at Kjeller 
DPN, 11°F), the path being 1180km. The transmitted power 
ms 4kW and a frequency of 46-8 Mc/s was used. A rhombic 
irial of 15° between half-power points was used at the trans- 
fitter, and Yagi aerials of 66° between half-power points at the 
welver station. The maximum sensitivity of all polar diagrams 
as at an elevation of 6°. 


(3.1) The Relation Between A and hep] 


ifn order to observe variations of amplitude and phase with 
me, the two quadrature components of the scatter signal were 
stained in the following way: The signal was mixed with two 
‘cal-oscillator signals having a phase difference of 90°, and the 
sulting signals were recorded by a twin-channel pen recorder. 
| typical record sample showing the two signal components is 
ven in Fig. 4. 


g. 4.—Sample from the record of the two quadrature components 
the scatter signal obtained on 10th January, 1958, at 1210 hours 
M.E.T 


It was observed that during short time intervals (of the order 

10-20sec) the rate of change of phase, Y’, varied round a 
cen value. In interpreting the observed variations of phase, 
if assumed that this mean phase drift is due to imperfection 
iae equipment, and that the irregular variations round the 
629 are due to actual variations of signal phase. This assump- 
% has been checked using a local test transmitter. 
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In Section 2.3 it was shown that the relation between A and 


al for a Gaussian noise signal is 
A iva 2 
Lea Ae 
Pe Nn 
This relationship was applied to test the noise character of the 


observed signal. Five record samples obtained at different times 


were analysed. For each of the samples, ia was obtained for 
different amplitude levels, and Aw was deduced from the 


readings at all levels. The observed values of ly] divided by 
Aw,/2/7 were then plotted against A/\/P) on log-log paper. 
The results are given and compared with the theoretical line in 


[| Ao 2/n) 


0-2 0:5 1-0 
AIS Po 


2:0 5-0 


Fig. 5.—Pl/Aov 2/7 plotted against A/1/Po for five different record 
samples. 
x 21st January, 1957 1625 hours M. 


E.T. 
[] 3rd January, 1958. 1410 hours M.E.T. 
A 9th January, 1958. 1110 hours M.E.T. 
M.E.T. 
M.E.T. 


© 10th January, 1958. 1210 hours 
@ 21st January, 1958. 1450 hours 


Fig. 5. We see that there is a reasonable agreement between 
the observed values and the theoretical line. 

The values deduced for Aw for the five different samples are 
listed in Table 1. 


Table 1 
WIDTH OF THE SPECTRUM OF THE SCATTER SIGNAL 


Time of day Duration 


hours M.E.T. 
1625 
1415 
1110 
1210 
1450 


(3.2) Observation of Differential Phase on Spaced Aerials 


The scatter signal was received on two aerials at a spacing 
of two wavelengths perpendicular to the great-circle path between 
Kjeller and Troms6. Equipment* was available for the measure- 
ment of the instantaneous phase difference between the two 


signals. The instantaneous phase difference and the signal 
envelope at one of the aerials were recorded on a twin-channel 
pen recorder. A sample from one of the records is shown in 
Fig. 6. 

The theoretical results derived in Section 2 can now be 


1 SECOND 


Fig. 6.—Sample from record of amplitude and differential phase on 
spaced aerials obtained 6th December, 1957, at 2310 hours, M.E.T. 


applied to the analysis of this type of record, provided, as 
described in Section 1, the following reinterpretations are made: 


+0 
L443 = [IEP cos 27&S dS 


14 = | |F(S)|? sin 2néS dS 


where 
S =sina 
a = Angle between direction of great-circle path and 
direction of elementary wave 
€ = Aerial separation, wavelengths. 


Four samples were selected from records showing a steady, 
fading background signal. From the envelope channel the 
value of Po was determined, and a set of values of A/\/Po was 


selected. || was then determined for cach level, and a plot of 
|d|4 versus A/\/Pp, could be made. In Fig. 7 an example of 


AlrPo 


Fig. 7.—Determination of R for sample 2 of Fig. 8. 
Plot of |¢|4 against A/+/Ppo. 


such a plot is shown and compared with the theoretical curves 
of Fig. 2. In each of the four samples analysed there was a 
close agreement between the observed values and the theoretical 
results. From plots of the type of Fig. 7 the value of R could be 
determined by interpolation, and hence |¢|, plotted against 
T = (A/\/Po)[R//(1 — R?]. The observed values of [¢| 4 for 
all four samples were plotted against T in Fig. 8, where the 
theoretical relation between |¢|4 and T is shown as a dotted 
curve. Again the agreement between theory and observations 
is good. The slight discrepancy a slow values of A]\/Po is of 
instrumental origin, since at low signal levels the signal/noise 


Fig. 8.—Graph of [4] plotted against T for four different sampled 


x 28th November, 1957. 0823 hours M.E.T. =| 
© 28th November, 1957. 0952 hours M.E.T. 
[] 5th December, 1957. 1214 hours M.E.T. 
VY 6th December, 1957. 2310 hours M.E.T. 


ratio was not sufficient for satisfactory operation of the phas 
meter. : 

The values of R derived from the four samples are given it 
Table 2. 


Table 2 


VALUES OF R OBSERVED WITH AERIAL SPACING OF Two WAVE 
LENGTHS ACROSS THE PATH 3 


Time of day Duration 


hours M.E.T. 
0823 
0952 
1214 
2310 


Pash MSY 
ARs 
SIPS 
6.12.57 


(4) SUMMARY OF RESULTS 


It has been shown how, for Gaussian noise, a relationship car) 
be found between |‘I’(t +7) —‘’(0)], i.e. the mean of the modulu 
of the phase difference over a time interval 7, and the amplitude 


A(t +7) or A(t). From this result a relation between ||, Le, 
the mean of the modulus of the rate of change of phase ¥(d)) 
and the amplitude A(f) was derived. | 
A signal received over an ionospheric forward scatter circui ) 
was analysed. It was found that the scatter signal possessec 
characteristics similar to those of Gaussian noise, and the widtt 
of the power spectrum Af was reduced for five different samples) 
The theory was also applied to test some spatial properties 
of the scatter signal from observations of differential phase or 
spaced aerials. It was found that the angular spectrum o) 
received elementary waves appeared to be randomly phased, as 
one would expect of a signal originating in a large number oj) 
independent scattering elements. It was also shown for foun 
samples how the correlation between the two signals could be 
evaluated from the combined amplitude and differential phas« 
records. 
} 
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DISCUSSION ON 


‘A TRANSISTOR HIGH-GAIN CHOPPER-TYPE D.C. AMPLIFIER’* 
NORTH-EASTERN RADIO AND MEASUREMENT GROUP AT NEWCASTLE UPON TYNE, 17TH MARCH, 1958 


Mr. P. J. Price: The chopper amplifier described uses a 
tocking oscillator to supply the switching waveform by means 
f a transformer. It is possible, however, to generate these 
‘aveforms in a multivibrator, and to dispense with the trans- 
ormer. Since the extra drift introduced by slight changes of 
‘equency and mark/space ratio appears to be only a second- 
der effect, it would appear to be economical to make this 
nange. Had the authors some particular reason for using their 
ystem ? 

The delay circuit shown in Fig. 12(c) is so interesting that I 
nould like the authors to explain its mode of action in more 
etail, especially the apparent regenerative flick back to 
-15 volts. 

The system suggested in Section 8.2 of correcting a wide-band 
mplifier for drift by means of a chopper amplifier is at present 
mder investigation for use in a proposed transistor analogue 
omputer at King’s College, Newcastle. It has been found that, 
‘the d.c. stabilizing loop is removed from the wide-band ampli- 
er as suggested, the output still drifts considerably when the 
ystem is used for integration. Owing to the low input impe- 
ance of the transistor amplifier, the drift of the output voltage 
. approximately i, Z,, where i, is the drift current of the chopper 
mplifier referred back to the input; when Z; is capacitive, this 
; unfortunately large. However, the rate of drift appears to be 

function of the overall gain of the two amplifiers, which may 
e several million. Good correction may thus be obtained if 
re d.c. stabilization is left on the wide-band amplifier, and the 
verall dic. gain is reduced to, say, 10000. With the rate of 
rift reduced the system virtually becomes an open-loop drift- 
‘ee amplifier and not an integrator to very low frequencies. The 
bove remarks are, of course, true only if the system is also 
rranged so that there is no positive feedback round the drift-free 
mplifier. 

Dr. G. B. B. Chaplin and Mr. A. R. Owens (in reply): The use 


* CHAPLIN, G. B. B., and Owens, A. R.: Paper No. 2442M, November, 1957 
& 105 B, p. 258). 


of a blocking oscillator for waveform generation is mainly a 
matter of convenience, since waveforms of any required ampli- 
tude, polarity and d.c. level may be obtained using suitable 
secondary windings on the transformer. This is not always 
easily done with multivibrator circuits. In addition, the use 
of a transformer replaces a transistor which is rather more 
expensive. 

The delay circuit shown in Fig. 12(c) is bottomed during the 
‘off’ period of the blocking oscillator, hold-on bias to the base 
of J,9 being applied from the +10-volt line through Rj; and De. 
Approximately SmA flows in this path, since the emitter is 
returned to +15 volts. When the blocking oscillator is switched 
on, Dg is cut off by the 5-volt positive pulse applied to its cathode 
through R,;, removing the hold-on bias from the base, and 
effectively substituting a turn-off current of 0:-3mA from the 
+18-volt line through R»,4. This causes the collector potential 
of J;o to fall from +15 volts, its rate being defined by C,, which 
acts as a Miller capacitance. However, when the collector 
potential has fallen to +10 volts, diode D, conducts and pre- 
vents any further negative movement of the lower plate potential 
of C., and the Miller feedback removed the collector potential 
falls rapidly to a level where the output chopper, Js, becomes 
actuated. The effect of the slow Miller rundown for the first 
5 volts of the fall of collector potential is to delay the actuation 
of Jg by 30 microsec. 

At the end of the clamped period the blocking-oscillator pulse 
collapses and 5mA again flows out of the base of J,) through Dg. 
The effect of this is to cause the collector potential of Jj9 to rise 
towards +15 volts. The last 5 volts of this rise is retarded 
slightly by the action of C,, which provides Miller feedback 
when the collector potential is above +10 volts. However, the 
base is now 5mA, compared to 0:3mA which flows during the 
first delay period, and so the retardation of the rise is only 
0-3/5 x 30 = 2microsec. 

The results quoted by Mr. Price for the chopper-corrected 
amplifier are very encouraging. 
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SUMMARY 


The computer employs a 50c/s computing circuit, with induction- 
type energy meters as integrators, and gives automatic prediction of 
speeds, running times, energy consumption and r.m.s. motor current. 

Typical studies of train performance are illustrated. 


(1) INTRODUCTION 
A train is subject, at a given speed and position on the route, 
to forces which, individually, tend to accelerate or decelerate it. 
If the accelerating and decelerating forces are regarded as positive 
and negative, respectively, they include: 


Tractive effort, F; (positive). 

Tractive resistance, Fp (negative). 

Gradient force, Fg (positive or negative). 
Braking force, Fp (negative). 

Net tractive force, F = Fp — Fp + Fo — Fr. 


Fr and Fp are primarily functions of speed, Fg is primarily a 
function of distance and Fz is, to a first approximation, capable 
of being maintained constant. 

Basically, the determination of the dynamic performance of the 
train consists of finding, continuously, the net accelerating force 
F acting on a train of effective mass m,, and thence the accelera- 
tion f = F/m,. The speed change from time f, to f, is 


t2 
ty 
and the corresponding distance travelled in this time is 
12 
152 =| vdt (2) 
ty 


The problem is essentially the solution of a differential equation 
of the form 


(3) 


ds . 
where ce) and Q(s) are functions of speed and position, 


respectively. 

In the absence of any mechanical or electrical computing aids, 
the solution of eqns. (1) and (2) is normally performed by one 
of several step-by-step processes. For example, starting from 
rest, the net tractive effort may be evaluated from known data 
and position of the train and the time calculated at the end of a 
speed increment Av. The new forces are then evaluated for this 
velocity and position, and increments of time and distance are 
found for a further speed increment Av, and so on. These 
processes are, by their nature, approximations, but, by taking 


ds ds 
a tP(S) + 0+K=0 
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suitably small increments and recognizing that many of the a 
are known only to a limited degree of accuracy, the methods giv) 
acceptable solutions. Even though the time taken to make SUC 
calculations is reduced by various ‘short-cut’ and graphicé) 
artifices, the work is lengthy and tedious. 

The problem can clearly be solved by computing devices whic) 
provide continuous solutions for eqns. (1) and (2). Several suc” 
computers have been constructed,!-® most of which emplo) 
mechanical integrators of the ball and disc or wheel and dis) 
types. Varying provision is made in these computers for th 
automatic insertion of the continuously-changing working forces’ 
but, in general, much more manual control is necessary thai 
with the computer described in the paper. 

A device to provide a fully automatic solution of train opera 
tion under all conditions would be complicated and possibl 
uneconomic; there are, of necessity, alternatives in the manne 
in which a given journey can be performed which must be left ti 
judgment, and this calls for some manual control of the computer} 
It is considered that the need for, and the ability to exercise, suc], 
judgment during a run is a factor in favour of a computer of thi 
analogue type (operating at or about real time), rather than oni 
of a digital type, for much of the work to be done in this field) 
The programming of a digital computer for train-performand, 
problems has been described by Gilmour.7? Such a compute} 
can predict the mechanical and electrical performance of a trail 
many times more rapidly than the analogue computer describec 
in this paper. if 

In addition to train-motion calculations, it is often desirable 
to evaluate such quantities as energy or fuel consumed, anc 
motor current and heating when an electric drive is employed 
This information is derived by additional calculations in the step 
by-step method, but provision is made for such quantities to bi 
determined automatically by the present computer. 


(2) THE COMPUTER 
(2.1) Principle 


The computing circuit (Fig. 1) operates at 50c/s and employ; 
two induction energy meters, M, and M3, to perform the integra 


CHART 
MOVEMENT 


Fig. 1.—Principle of computer. 
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ms J fdt and f vdt, respectively. They are operated with 
nstant potential difference applied to their voltage coils; their 
rrent coils are supplied with currents J; and I,, such that I, is 
oportional to the net accelerating force F, and J, is propor- 
nal to the speed of the train v. 

Since the angular velocity w, of the disc of M, is proportional 
the net accelerating force, and therefore to the train accelera- 
m, the angular displacement 0, of this disc will be proportional 
train speed (or change in speed if the computation is made 
}m a non-zero initial speed). By means of a transducer which 
es not impose any restraint on the disc of My, the motion of 
> disc is arranged to control a signal source so that a current 
proportional to 0, is supplied to the integrator M). It also 
rves to drive a ‘speed’-chart table, in the form of a drum, which 
tries curves of speed-dependent functions used in the computing 
ocesses, an angular displacement being proportional to speed. 
The angular velocity w, of the disc of the integrator M, is 
oportional to speed, and the angular displacement @, of this 
s¢ is proportional to the distance travelled by the train. 

A transducer similar to that used with M, produces a mech- 
ical motion proportional to 6, which imparts a displacement, 
eportional to distance travelled, to ‘distance’ charts on which 
stance-dependent information is stored and on which the 
itput speed/distance curves are automatically plotted. 

The 50c/s signals proportional to the various quantities in the 
uation of motion of the train are produced from sources con- 
siied by function readers, which extract information from 
rves or punched tape carried on the ‘speed’- and ‘distance’-chart 
triers. The number of speed- and distance-dependent functions 
zich are involved in the dynamic study of the train and in 
her computations such as motor current and energy losses, 
termines the number of ‘reading’ elements in the whole 
mputer. 

Fig. 2 shows the schematic arrangement of the computer as 


TRANSDUCER | TRANSDUCER 2 


Sb 8-6) 


a on a tafe en oa 


-4 
| 
| 
| 
14 1 I 2 &® 
ei 


OISTANCE 
CHART 


= GRADIENT 
i TAPE 


B Fp 
) Ser 
MANUALLY 
Fig. 2.—Schematic arrangement. 


CF Curve follower. 
CR Code reader. 
T 50c/s signal source. 


>> > Photo-electric links. 
~-—-- Mechanical links. | 
. Electrical control links. 


[><] Gear-box. 


1 pay employed, including a circuit for the determination of 
. F, S1,,dt and {I2dt, where J,, is the motor current. 
2 1e net f accelerating-force signal at a given speed and position 
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of the train on the track is produced by four 50c/s sources in 
series. Two are variable auto-transformers, Ty and Tp, operated 
by curve-following units CF; and CFR, which rotate the trans- 
former moving contacts through angles proportional to the ordi- 
nates of the tractive-effort/velocity and tractive-resistance/velocity 
curves carried on the cylindrical ‘speed’-chart drum; the third is 
a variable auto-transformer, Tp, set manually to represent a 
given braking force, and the fourth is a tapped transformer, 
TG, with output windings selected by relays controlled via a code 
reader CR, from coded punched ,holes in the gradient record 
carried on the ‘distance’-chart table. 

The rotation of the disc of M, is followed by a photo- 
electrically operated transducer which performs the following 
functions: 

(a) It rotates the ‘speed’-chart drum. 
(5) It rotates the moving contact of a variable auto-transformer 

Ty to give In x v. 

(c) It controls a pen to record velocity on the ‘distance’ chart 

and/or on a ‘time’ chart (the latter is not shown in Fig. 2). 

The rotation of the disc of M, similarly controls the movement 
of the ‘distance’-chart mechanism. 

In addition to the curve followers and signal generators for 
the mechanical quantities, another curve follower CF; operates 
on a motor current/speed curve on the ‘speed’-chart drum. This 
curve follower controls two mechanically-coupled variable auto- 
transformers, T; and Ti, so that the first gives a signal propor- 
tional to J,, and the second, fed from the first, gives a signal 
proportional to J2.. Two integrating meters, M3; and My, with 
constant potential difference applied to their voltage coils record 
fidt and f{I?dt, respectively, for the purpose of computing energy 
consumption and motor heating when an electric drive is 
employed. 

It is a feature of the computer that most quantities are available 
both as an electrical equivalent (current or voltage) and a mech- 
anical displacement (shaft rotation, etc.). The computer is also 
particularly flexible in respect of the number of points at which 
different ranges and scales may be introduced for operational 
convenience, by gear ratios and electrical circuit changes. 

So far as the authors are aware, no previous use has been 
made of induction energy meters as integrators in train- 
performance computers. Their use in other forms of computer 
has, however, been described by several workers.®>? 


(2.2) Circuit and Constructional Details 
(2.2.1) Computing Circuits. 

The integrators M,, M,, M3 and My, are induction energy 
meters having a disc speed of Ir.p.s. with an m.m.f. 400 AT 
in the current coils. These coils, normally wound for a current 
of Samp (=400AT), are rewound for a current of 100mA 
(= 400 AT), and are made substantially non-reactive by neu- 
tralizing the current-coil inductance by series capacitances 
C,-C, in order to produce the maximum torque per unit 
current. 

Fig. 3 shows the arrangement of the computing circuits of the 
four integrators. 

In the circuit of M,, those signal sources which consist of 
variable auto-transformers, Ty, Tp and Tx, are provided with 
1: 1 isolating transformers, T,, T, and T;. Ty, Tp and Tg are 
additionally provided with variable auto-transformers, T;, T> 
and T3, for scaling. Tg is a transformer with seven isolated 
secondary sections with voltage outputs in the ratio of 
1:2:4:8:16: 32:64, which are connected in any desired 
series combination by sets of relay contacts Aj, A3;-G), G3. 
The sign of the resulting combination is controlled by relay 
contacts P, and P3. Relays A-G and P are controlled by 
punched tape carrying the gradient information in a binary-coded 
form. 
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Fig. 3.—Signal circuits. 


The signal sources of M5, M3 and M, consist simply of variable 
auto-transformers, T,, Ty and Ty), respectively. 

A precision milliammeter can be inserted in a jack into each 
of the computing circuits for setting-up purposes. 


(2.2.2) Curve Followers. 


Signals proportional to F;, Fp and I, at all speeds are ‘read’ 
automatically from curves of these quantities plotted to a base 
of speed, carried on the ‘speed’-chart drum. 

A curve-following circuit is shown in Fig. 4a. As the ‘speed’- 


Fig. 44.—Curve follower. 


chart drum rotates the motor is controlled by the relays Y and 
Z, so that the probe carriage is driven until one probe is just off 
and one just on the upper edge of the conducting graphite track. 

Manual control of the motor is also available for the initial 
positioning of the probes on one of several curves when alter- 


native operating conditions, such as field-weakening steps, are 
available. 


(2.2.3) Gradient-Record Reader. 


The gradient force is a function of distance, and is discon- 
tinuous in value and sign. The gradient information is recorded 
by combinations of holes in eight positions across a 3in-wide 


WAGSTAFF AND COOKE: A 


TRAIN PERFORMANCE COMPUTER 


GRADIENT? 
{| CHART ° 2————— | i 


CHART CARRIER 


Fig. 48.—Gradient reader. 


tape, which is carried on the ‘distance’-chart carrier (Fig. 48 
Holes 1-7 control ‘magnitude’ relays A-G (see Section 2.2, | 
and hole 8 controls the ‘sign’ relay P. An additional small 
hole controls the ‘operate’ relay O after the correct conditio1) 
have been established by a combination of holes 1-8. When i 
particular gradient combination is set up, the operated relay 
self-hold through the contacts A; ... P,, so that the gradiei) 
information is held until the new gradient change occurs. 


(2.2.4) Disc-Rotation Transducers. a 


Two forms of transducer have been used. In the origin 
form of computer, pulses are derived via a photo-electric ce) 
from successive reflecting and non-reflecting sectors on the edg 
of the integrator disc. These pulses, after shaping, control 
uniselector switch via a high-speed relay. In the case of M) 
which is required to operate in both directions, the pulses al 
routed by a change-over switch, controlled by a phase-sensitiy) 
circuit, to one of two uniselectors, the outputs of which a 
combined by a differential gear [Fig. 5(a)]. 


LIGHT 
LIGHT 


=-°:0- --3-~ 


se > PC 


~'O----0O- 


(a) (D) | 
D [piReeTiON| CTOR a 
} 
RELAYS 2 | 
UNISELECTORS a 
DIFFERENTIAL 
Fig. 5.—Transducer arrangements. | 


In a later form of computer, a simpler transducer, shown i 
Fig. 5(b) is used. Here an M-type motor is controlled by relay 
energized by photocells which are successively illuminated a 
shown. This form of transducer does not require a pal 
directional element. 


(2.2.5) Physical Arrangement. 


The computer is housed in two Post Office gS betwee 
which is a control panel and an output table. 


(3) SCALE FACTORS 
(3.1) Mechanical Quantities 
(3.1.1) Basic Relations. 
F, Fr, Fr, Fz and Fg = Operating forces, lb wt. 


m = Actual mass of locomotive and train 
tons. 
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m, = Effective mass of locomotive and train 
=m Xk, where k is a rotational 
inertia factor, commonly about 1-07. 
ny = R.P.S. per ampere of M, (=10). 
Ny = R.P.S. per ampere of M, (=10). 
i, = Current in M, per unit F/m,. 
Pp; = Number of revolutions of My, per 
1m.p.h. movement of ‘speed’ chart. 
P2 = Number of revolutions of M, per lin 
movement of “distance’ chart. 
1, = Current in M, per 1 m.p.h. movement of 
‘speed’ chart. 


‘The acceleration imparted to a mass m, by a force F is 
0098F/m,m.p.h./sec. The scale factors for the computers are 
yen by 


Train quantities Computer equivalents 


1 m.p.h./sec i;/0-009 8 amperes 
1m.p.h. iz amperes 

1 sec 0-009 8p Jin; sec 

1 mile 3 600r izn2/p2 inches on 


‘distance’ chart 
vere r = ratio of machine time to train time = 0-009 8p;/ijn. 


Although experience has shown that it is convenient to use the 
achine with r= 1 and with lin on the chart equivalent to 
irile on the track, variations of time and distance equivalents 
vex a wide range can be effected for the following reasons: 

(a) i, and iz can be selected to have any value between an upper 
‘mit imposed by the self-heating of the integrator current coils and 
a lower limit imposed by a loss of integrator accuracy. 

{6) p; can be varied by change of gear ratio between My, and the 
“speed’-chart table and by the choice of the abscissae scale of the 
‘speed’ charts. 

(c) p2 can be varied by change of gear ratio between M2 and the 
“distance’-chart carrier. 


1.2.) Setting-up Procedure. 


Let us take, as an example, a 1000-ton train, hauled by a 
comotive with a maximum tractive effort of 48000lb on a 
ute having a maximum gradient of 1 in 70. The tractive 
sistance is 12lb/ton at 50m.p.h. and the maximum braking 
te is 0:75m.p.h./sec. With a rotary inertia factor of 1:08, 
e values of F/m, for the various forces are as follows: 


; 48 000 pedgry 
Tractive effort 1-08 x 1000 = 44 4 
Tractive resistance 12/1 = 12 
0:75 
: SOS Te 
ies prongs. 


i, is therefore determined by the maximum value of F/m,, i.e. 
/ the braking conditions. 
If 76:5 F/m, units is equivalent to 70mA, then 7, equals 
) x 10-3/76-5, which is 0-915mA per F/m, unit. 
If the computation is required to be performed in half train 
me, r=0-5 =0-0098p,/i,n;, which gives p, = 0-466. If 
‘speed’-chart scale of 100m.p.h. equivalent to 20in is chosen 
1d if the available gear ratios between M, and the ‘speed’- 
art drum allow a value of p, = 0:4 to be used, i, becomes 
734mA per unit F/m.. This modified value is used to set 
», in turn, the current produced by the several components of 
e signal circuit. 
“aus 
Braking = 76:5 x 0-784 x 10-7 = 60mA. 
Tractive effort = 44:4 x 0-784 x 10-3 = 34:7mA. 
(setting point, 48 000 Ib). 
Motional resistance = 12 x 0-784 x 10-3 = 9-4mA. 
(setting point, 121b/ton). 
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In order to achieve the maximum signal-circuit resistance, the 
braking signal is set up first, using the maximum output voltage 
from Tg and adjusting R, to give 7, = 60mA. 

Since the gradient signal can be represented on the binary- 
coded tape by numbers from 1 to 127, a gradient of 1 in x is 
given by 8 890/x if 1 in 70 is represented by 127. The gradient 
signal is adjusted, with all relays energized, to represent a gradient 
of 1 in 70, to give 0-784 x 107-3 x 2240/70 = 25mA. 

The distance scale on the output chart may be controlled within 
wide limits by the choice of p;, Po, i, and i,. It has been found 
that 1in = 1 mile on the output chart and 4in = 1 mile on the 
gradient tape (which is driven by a 4: 1 gear from the output 
chart) is generally convenient. The values previously selected 
for i; and p,; give iz = p,/18000. A value of p, = 15 gives 
i, =0-834mA, and J, = 0-834 x 10-3 x 50 = 41-6mA at 
50 m.p.h. 


(3.2) Electrical 


T = Actual journey time, sec. 
r = Ratio of computer time to train time. 
k; = Ratio of current in M3 to motor current. 
k, = Ratio of voltage of M3 to motor voltage. 
k, = Ratio of current in M, to (motor current)?. 
V, = Potential difference applied to voltage coil of My, volts. 
d3 = Dial reading of M3, watt-sec. 
d, = Dial reading of My, watt-sec. 
Energy consumed per motor = 109d3k3k3r, watt-sec. 


R.M.S. motor current = ri ee 
V4 


k3 and k, are adjusted by variation of R3; and R, to give currents 
in M3 and M, of about 75mA at maximum motor current. 


(4) ACCURACY 
(4.1) Sources of Error 


The chief factors that affect the accuracy of the computer are 
briefly considered as follows: 


(a) Supply voltage of computing circuits —This is maintained 
within +1% by a stabilized supply. 

(b) Integrators.—At normal voltages, these were found to have 
an error not exceeding +4%. 

(c) Computing-circuit impedance.—The effect of the varying 
ratios of the signal-source auto-transformers is negligible. The 
variation, due to self-heating, of the resistance of the modified 
current coils of the integrators at maximum ampere-turns made 
it desirable to avoid operating with currents in excess of 75mA 
for other than short periods. Since, for most of the time, M, 
operates at very small currents (small acceleration or deceleration) 
and M, at normal currents (normal train speed), it is reason- 
able to operate M, at a somewhat higher maximum current 
than M>. 


(d) Signal sources.—The significance of errors in the individual 
signal sources depends on the relative magnitude of these signals. 
Considering a typical locomotive-hauled passenger train and 
assuming an initial tractive effort of about 701b/ton (—100), the 
starting tractive resistance is about 8. At a balancing speed of 
70m.p.h. on an up-gradient of 1 in 100, the tractive effort is 
about 46, the gradient is about 29, and the tractive resistance is 
about 17. 

(e) Miscellaneous components.—The first model of the com- 
puter used readily available gears and other mechanical parts. 
No serious errors were introduced by backlash, etc., but the 
greater mechanical precision in a new model since constructed 
has been found beneficial. 
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(4.2) Tests for Accuracy 


It is not easy to predict the effects of the various sources of 
error mentioned in Section 4.1 under the widely varying con- 
ditions of operation of the computer. Tests of accuracy were 
made by comparing the performance of the computer with cases 
which could be easily checked by calculation, e.g. straight-line 
functions of tractive-effort/speed and motional-resistance/speed. 
The results indicated overall limits of error of +1:5%. This is 
also borne out by the results from several computations of actual 
train runs for which point-by-point calculations were made as 
a check. 

(5) USE OF COMPUTER 


(5.1) Preparation of Data 


Curves of the speed-dependent functions are first plotted, the 
speed range covered being made to utilize as much as possible of 
the available chart width, namely 22in. Tractive effort, tractive 
resistance and current are drawn on charts having maximum 
heights of 24, 12 and 12in, respectively. Any convenient scales 
may be used, since scaling facilities are provided in the computer 
circuits. A graphite band is then drawn downwards for about 
4+in from each curve to form a conducting track. 


OUTPUT RECORD 


BRAKING LINE. 


2% 
[ees oe ee ee ae 
ISOU 250D 100OU 00D 3000 200 U 
f é 


STOP 
2% MILES 
; OIRECTION OF RUNNING ! 
Pa 


GRADIENT RECORD 
MARKED FOR A 
MAX. GRADIENT 
OF 1: 100 


pa ee a5 


Fig. 6.—Preparation of gradient and output records. 


The gradient record (Fig. 6) is punched to the scale selected, 
say | mile = 4in, as described in Section 3.1.2. 

These four records may be used repeatedly for runs with the 
same or different train weights or may be used individually with 
other records available from the ‘library’ of information which is 
accumulated after some use of the computer. | 

No preparation of the output chart is required beyond marking 
the extent and value of any speed restrictions imposed by the 
route or the train, and any stopping places. It is convenient to 
draw, with the aid of a template, braking curves down to each 
stopping place, on the assumption of either a constant deceleration 
rate or a constant braking force and level track. 


(5.2) Operation 


After setting up the signal sources, as described in Section 4, 
the computer is set to zero velocity, time and distance and the 
uniselector operating circuits energized. No manual control of 
the computer is thereafter needed unless 

(a) The speed tends to exceed a restricted value. 
(5) It is desired to coast or brake. 
(c) It is desired to change the operating conditions of the tractor. 
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During speed restrictions, the ‘speed’ uniselector is de-energiz 
and M; and My, are switched out. The energy consumed ar 
the average value of 2, are calculated for each speed-restricti¢ 
section, allowing for the gradients of the sections. This 1s | 
simple matter, since, for a constant speed on a constant gradien 
the operating forces, and therefore the motor current, are CO)| 
stant. If the train is near its balancing speed during a mat 
restriction, the direction of rotation of M, is observed. Shou); 
M, reverse, indicating that the train would decelerate as a resu 
of a gradient change, the computer is restored to normal operi! 
tion; the speed of train will then fall below the restricted valu) 
For coasting, the tractive-effort signal is switched out. Fr 
braking, two cases may be distinguished; it may be desired 1) 
represent a constant braking force or to produce a constat) 
deceleration. In the former case, the tractive-effort signal » 
switched out and the braking-force signal is switched in; in th 
latter case, the tractive effort, tractive resistance and gradiei| 
signals are switched out and a braking signal representing coi) 
stant deceleration is switched in. | 
Braking is begun when the output recorder pen crosses tk 
previously-drawn braking line, after either normal running ¢) 
coasting (see Fig. 7). Under conditions of constant braking fore) 
~ 


FREE RUNNING CURVE 


| v 
| yy 4, 
\, BRAKING CURVE | 
LZ | 
COASTING CURVES ' 1 
{ 
' 
' 
t 
' 
{ 


GRADIENT 


DIRECTION OF RUNNING x 


DISTANCE =» 


Fig. 7.—Coasting and braking conditions. 


it is possible to judge satisfactorily, after some experience wit 
the computer, how much before or after this intersection brakin 
should be begun, if the track between this point and the desire: 
stopping point is on a down- or an up-grade, respectively. _ 

The performance of the train with different combinations o 
coasting and braking can be examined by setting back the com 
puter to successive points on the output speed curve. ; 

When it is desired to change the operating conditions, e.g 
field weakening, tap changing, etc., it can be done by ‘freezing 
the machine (by de-energizing both uniselector circuits) anr 
transferring the probes on the tractive-effort/speed and cut 


(b) 


TRACTIVE EFFORT 
o 
TRACTIVE EFFORT 


TRACTIVE EFFORT 
& 
TRACTIVE RESISTANCE 


i 


Fig. 8.—Tractive-effort characteristics. 


(a) D.C. locomotive with field weakening. 
(b) Diesel-mechanical rail car. 
(c) Diesel-electric multiple unit set. 
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rent/speed graphs to the appropriate curves, by manual control 
of the curve-follower motors. If the operating regime of the 
train is such that these changes are required at given speeds, a 
composite curve may be drawn, as in Fig. 8(a), thereby eliminating 
manual control. Other typical tractive-effort/speed curves are 
shown in Figs. 8(6) and 8(c). 


(5.3) Examples 


Fig. 9 shows two speed/distance curves on which are marked 
the times at selected points. In example (a) the maximum speed 
is limited for a considerable portion of the run by speed restric- 
tions; in example (4) it is only on one or two occasions, on down- 
grades, that the limiting speed is reached. 


(6) POSSIBLE MODIFICATIONS 


Although several modifications have been investigated or con- 
sidered, only those changes which appear to offer reasonable 
improvements of accuracy or convenience are considered in 
the paper. 

It is thought that the only source of error which would be 
worth reducing is that due to the change of computing-circuit 
resistance resulting from self-heating of the rewound integrator 
coils. A temperature compensation could be envisaged for this 
purpose. In the early stages of development of the computer an 
energy meter with standard (5 amp equivalent to 400 AT) current 
coil was used in association with a 0-1/5 amp current transformer. 
This was perfectly satisfactory, but the modified meters were 
adapted to save the expense of current transformers of special 
construction. It is possible, however, that normal meters and 
current transformers would be less prone to self-heating errors. 

Experience has shown that no changes in the arrangement or 
method of operation of the computer are necessary if the main 
interest of the user is the prediction of speed/distance or 
speed/time curves. It may be noted that the speed of com- 
putation is unaffected by the frequency at which the gradient 
changes occur. However, when energy consumed or r.m.s. 
motor current is the main object of the study, experience suggests 
that it might be worth while providing the computer with 
auxiliary equipment to deal automatically with speed restrictions. 
One method is shown in Fig. 10. During speed restrictions, 


TRANSDUCER 


Fig. 10.—Auxiliary circuits for speed-restriction computation. 


current and (current)* are derived, not as in normal operation 
from the current/speed chart, but from a current/tractive-effort 
chart on an auxiliary drum. The angular rotation of this drum 
is controlled from a transducer fed by the sum of the outputs of 
Tg and Tp which, at constant speed, is proportional to the 
tractive effort that must be produced by the tractor. It has, 
however, been found quite convenient to ‘drive’ the train through 
a speed restriction by manual operation on the several tractive- 
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} 
effort/speed characteristics so as to keep the train speed at ¢| 
about the required value. 


(7) CONCLUSION 


The saving of time resulting from the use of the comput 
instead of normal computation is variable. Since, for any ne) 
problem, train and track data must be prepared for the compute} 
the greatest saving in time occurs for long runs, particularly if 
is desired to make several runs with certain changes in tf) 
operating conditions. Changes of train mass do not require ar’ 
new data to be prepared; a change in tractive resistance may m N 
do so either, if it is considered satisfactory that the ordinates « 
the tractive-resistance/speed curve be scaled, by the use of T| 
The saving of time is also affected by the number of speed restrir 
tions and changes in the operating conditions of the tractc 
which have to be considered. Operators who have had exper) 
ence of the normal methods of calculation suggest that mar) 
problems can be solved about ten times more rapidly by the us: 
of the computer. 
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DISCUSSION BEFORE A JOINT MEETING OF THE MEASUREMENT AND CONTROL SECTION 
AND THE UTILIZATION SECTION, 15TH APRIL, 1958 


Mr. J. A. Broughall: Since the railway modernization plan 
volves many electrification schemes, British Railways knew 
at some kind of computer would be necessary for calculating 
ain times. They had to choose between a digital computer, 
hich would be very expensive, and the more modern kinds of 
jalogue computers, which would be far less expensive. It was 
:cided that the latter would do the job very well, and would 
vve some advantages. 

The authors are very fair about this matter. There are certain 
urposes for which the time of setting up is not worth while 
ad the ordinary longhand method is the right answer. There 
e other jobs where a digital computer, which takes a long time 
‘set up and does the whole calculation in a few seconds, is the 
zht answer. But I think that there is a wide field for an analogue 
»mputer running at about train speed, although, in using the 
“st model, we have found it quite convenient to run it even as 
st as twice the train speed. 

1 would like to know more about the Mark III model. The 
ritish Transport Commission have a Mark I model, and there 
ave been times when we wished that we had the Mark III, but 

fairness to the authors I should say that, although we have 
ic a few difficulties, they have all been solved, and no 
wubt all the necessary improvements are contained in the later 
cedels. 

‘Yhe accuracy of +14% mentioned in the paper is not good 
1ough, because 149% on a run from King’s Cross to Newcastle 
eans about 6min, which is quite important with modern train 
veeds. For example, it is of the same order as the result of a 
*rmanent-way slack for maintenance. 

It is important to follow up further modifications on the lines 
dicated in the paper. I do not think that it is very important 
insert speed checks automatically, because one of the attractive 
ings about this kind of computer is that one can see what is 
uppening and have the feeling that one is driving a train. It is 
nportant to retain that picture, which is one of the reasons why 
ay development which makes it more like a train is to be 
»mmended. At present we simply follow one characteristic 
irve, i.e. running in top notch, which is quite satisfactory if 
»u want to see how quickly you can get to some spot, but it 
eans that you do not necessarily take much account of the cost 
current of getting there. The question of coasting, using 
'wer notches, etc., is important, and you want to find out what 
'e train performance is when rail conditions do not permit you 
» notch right up. 

‘TI think that more work should be done on this side of the 
-oblem, and the authors should try to allow for a variable 
itrent. We would then have not only a very useful computer 
ut also possibly a very useful tool for training drivers. In 
ew of the importance of training drivers to drive trains as fast 

; they can with safety and efficiency—the two are not necessarily 
.e same—this might provide a very useful tool for the training 
hools. 

Mr. G. R. Higgs: My remarks relate to experience with the 
-iginal prototype of the train performance computer and the 
"st production model in the project design office of a manu- 
eiurer of electrical equipment. 

For the majority of this work the computer can effect savings 
ye: the manual graphical method. In the general case the 
} 1 saving referred to in the paper is conservative, and in 
ayy cases it can be much greater. 

Jae housing of the machine is important. Where office space 
4. a premium, the working load factor of the computer is too 
\ to justify its occupying an engineer’s living space. A 


separate room is therefore essential, which has the merit of 
making it easier to provide a dust-free atmosphere. 

The staffing of the machine is another important consideration. 
We like each project engineer to work the machine for his own 
problems, but we think that one particular engineer should have 
specialized knowledge of its capabilities and maintenance 
requirements. 

Not all problems susceptible of computer solution are worked 
out in that way, because the manual graphical method is the 
only way in which junior engineers can be given a true apprecia- 
tion of the important relationships between motor characteristics, 
acceleration rates, timings and economic equipment design. 

A point to be noted is that during coasting not only is the 
tractive effort cut off but negative tractive effort is imposed, 
owing to the friction and windage of the traction motor. 
Allowance for this must be made in operating the computer. 

It would be very convenient if a means could be devised to 
use the gradient chart in both directions so as to avoid making 
a chart for each direction. There are, however, certain disad- 
vantages, particularly relating to compensated gradients, which 
would introduce complications. 

Mr. S. D. Van Dorp: My remarks concern train-performance 
computation. I have been associated with the design and con- 
struction of a mechanical analogue computer built for the solu- 
tion of the same problem, and I am therefore interested in making 
comparisons between these two fundamentally similar machines. 

In the electrical analogue computer described in the paper, 
‘time’ is represented by a constant potential applied to the 
voltage coils of the induction energy meters used to perform 
the required integrations; i.e. the speed of computation is fixed 
for a particular run and is a function of real time. 

In the mechanical analogue computer, ‘time’ is represented by 
the angular displacement of a motor-driven shaft, and by varying 
the angular velocity of this shaft, the rate of change of ‘time’ 
and hence the speed of computation can be controlled. 

In practice, this has been found to be an invaluable asset. It 
enables the operator to adjust the speed of computation in 
relation to the frequency at which changes occur in the track 
associated data. 

I believe that, with the introduction of the simpler type of 
transducer shown in Fig. 5(b), it will be possible to vary the 
speed of computation during a run, and I should like to have 
details of how this will be done and whether it will affect the 
accuracy of calculation. 

My other question concerns the type of automatic curve 
followers used. Iam surprised that a graphite conducting track 
was considered to be the best solution. In the latest type of 
mechanical analogue computer, photo-electric curve followers 
are used in conjunction with electronic amplifiers. These avoid 
the use of graphite paint, thus enabling curves to be drawn 
normally with indian ink, and greatly reducing the size of graph 
paper and of the speed-related functions drum required, without 
loss of accuracy. 

I should be interested to know the advantages of the type of 
curve followers used in the electrical analogue computer. 

Mr. M. Whitehead: The train performance computer is largely 
based on the watthour meter, and it is gratifying to see another 
successful extension of its use, which already includes several 
other analogue computers. 

The meters have a designed measuring range of 100 : 1 with 
corresponding speed and standstill torque ranges of 60-0-6r.p.m. 
and 23-0:23g-cm, respectively. Although substantially stan- 
dard, they differ in two respects; first in adjustment and secondly 


in the current coil. Some are required to perform equally well 
in either direction of rotation, which means that the error/current 
curve must be sufficiently good at low loads to allow operation 
on the natural curve without bias, i.e. without the smail constant 
driving torque known as low load compensation. 

The second difference from standard, namely the current coil, 
sets up a second-order effect of self-heating, which is the only 
error considered to be worth reducing [see Sections 4.1(c) and 
6]. This is not surprising, since the adoption of a 100mA rating 
instead of Samp or more reduces the copper space factor from 
60% to 30%, with a corresponding increase in current density. 
The commercial watthour meter is a complex device serially 
produced in very large quantities, and if a design is really 
economic it cannot be extended. It is suggested in Section 6 
that the error is mainly due to the change in computer circuit 
resistance arising from the change in meter current-circuit 
resistance, thus giving low registration against computer circuit 
voltage. With higher temperature, however, the meter itself 
will register high against current, and there is thus already some 
measure of compensation. 

Temperature compensation, however, is unnecessary, as the 
error can be reduced to a negligible value by operating within 
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THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Prof. E. Bradshaw and Messrs. M. Wagstaff and F. Cooke 
(in reply): In reply to Mr. Broughall, Mark I is the laboratory- 
made prototype now in use by British Railways, while Mark I 
and Mark III are subsequent commercial models with certain 
refinements and increased facilities, but with no difference in the 
principle of operation, except that Mark III uses the M-type 
motor form of rotation transducer shown in Fig. 5(5). 

We were anxious not to make unjustified claims for the 
computer, and are therefore gratified to learn from Mr. Higgs 
that the claim for a 10:1 saving of time is conservative. We now 
believe that the estimate of the possible errors was also con- 
servative; the consistency has been found to be very good (often 
of the order of $9), and it is likely that the error limits are much 
less than the +14°% referred to by Mr. Broughall. In considering 
the accuracy of this or any similar computer, it should not be 
forgotten that much of the input data is subject to some 
uncertainty. 

The suggestions, for operation on other notches by Mr. 
Broughall, and for allowance for negative tractive effort when 
coasting and the use of reversible gradient records by Mr. Higgs, 
are among the improvements embodied in the Mark III com- 
puter. The detailed improvements made in later models owe 
much to the helpful advice of engineers of the British Transport 
Commission and of the manufacturers of traction equipment 
who have used the computer. 

Mr. Broughall’s belief that an analogue computer has the 
advantage that one has a ‘feel’ of the problem is noted with 
interest, as is his suggestion that the device might be used for the 
training of drivers. For the latter purpose, it would probably 


have to be associated with ancillary equipment which would’ 


give the trainee some sense of motion, such as a ciné film of the 
route and a ‘cab’ subject to vibration and sound related to 
‘speed’. 

Although Dr. Westcott states that, owing to the lack of suitable 
components, analogue computers are not as cheap as they might 


the designed range, say Samp. This is obtained in one of thre) 
ways, first by increased computer circuit current, secondly, bi 
the use of a current transformer, or thirdly, with a degenerativ|. 
amplifier. 

Dr. J. H. Westcott: I was very encouraged by Mr. Broughal | 
who said that ordinary analogue computers can have theil’ 
advantages. One advantage ought to be cheapness. Unfor\: 
tunately, one of the sad things about the development of thi) 
art is that it is perpetually dogged by the lack of suitable com}: 
ponents, and this has a reflection in the fact that analogue com): 
puters are not as cheap as they might be. 

Perhaps I could quote an example from my own experience} 
If you have to test servo-mechanisms you need a multiplier bu’ ‘ 
you cannot use servo-multipliers. The alternative is to use a) 
electronic multiplier, in which case you have rows of valves 
drift problems and many troubles. There is one other possi! 
bility, however, and that is the use of a wattmeter movement) 
This is light, it can give a rapid response and is very convenient! 
but unfortunately it is not cheap. 

I think that, in this matter of analogue-computing components 
an opportunity has been missed to apply familiar principles in ; 
new role. 


j 
be, the analogue computer is, as Mr. Broughall points out, fa 
less expensive than a digitalcomputer. The ratio in cost is perhap; 
30:1, but this is not altogether a meaningful comparison as i 
would be unreasonable to contemplate the use of a digita 
computer unless it were to be employed for work other than thi: 
special problem. 

We are in full agreement with Mr. Higgs concerning th« 
housing and maintenance of the computer. 

We appreciate Mr. Whitehead’s comments about the advam 
tages of using normal Samp integrators. Of his suggestec’ 
modifications, that of using a larger current in the computing! 
circuit is not acceptable because of the power dissipated and the, 
influence of variable impedances in the signal sources. Of the 
other two suggestions, that of current transformers seems to bei 
the more desirable. | 

The use of photo-electric curve followers, suggested by Mr} 
Van Dorp, would be equally suitable, but we have found the) 
graphite track system to be reliable and to involve a minimum) 
of associated equipment. It has also been found that cur 
drawn with a soft pencil give sufficient conductivity for reliable 
operation. 

We agree with Mr. Dorp about the advantage of a variable) 
time scale, implicit in the mechanical analogue computer tc) 
which he refers, and think it would be desirable to considei) 
this in future models of our computer. This can be done) 
quite easily, by the introduction of simultaneous changes of geal’ 
ratios at four points: in the output drives of transducer 1 anc’ 
transducer 2 and in the dial mechanisms of integrators M; anc) 
M, (see Fig. 2). The use of the M-type motor form of integrato1) 
disc-rotation transducer makes this modification much easier. 
since all that is required is to arrange that each integratol) 
controls an M-type motor, which, in turn, drives a commutatoi! 
with several output rates, which can be selected at will to contro’ 
a second M-type motor. Such a modification would not affec! 
the accuracy of computation. 
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SUMMARY 

Simulator techniques for solving certain partial differential equations, 
renerally occurring in process-control engineering (e.g. heat exchangers), 
ire investigated. Limitations associated with the method of dividing a 
listributed-parameter system into a series of elements which may be 
epresented by lumped-constant electrical networks are discussed, and 
in alternative method of simulation is suggested which overcomes these 
imitations. 

To illustrate the advantages of this alternative technique two practical 
listributed-parameter systems are simulated. In the first, which is a 
yeat exchanger, the technique suggested affords a great saving in 
ypoaratus for a given accuracy. The second example considered is a 
1on-linear distributed-parameter system for which previous methods 
»#f simulation are impracticable because of the amount of apparatus 
n-olved. 


LIST OF SYMBOLS 
Q(x,t) = Quantity of substance on unit length of conveyor 


R(x,t) = Substance removed from unit length of conveyor 
belt, situated a distance x from the origin, in 
unit time. 

1 = Length of conveyor belt or total immersed length 
of the inner tube of the heat exchanger. 

(x,t) = Velocity of conveyor belt, or volume of water 
passing a section at x in unit time. 

+t = ndt = Distance/velocity lag or time delay of the system. 
6,0) = Temperature of fluid in inner tube of heat 
exchanger and inlet, respectively. 
u = Mean circumference of the tube, cm. 
v, = Velocity of fluid flow in the inner tube, cm/sec. 
&q = Overall heat-transfer coefficient for tube. 
c, = Thermal capacity of the tube fluid per unit length, 


cal/cm-deg C. 

C, = Thermal capacity of the tube per unit length, 
cal/cm-deg C. 

T,T; = Temperature of the outer fluid and _ inlet, 
respectively. 


V> = Effective velocity of outer fluid flow, cm/sec. 
o(x,f) = Quantity of solute A passing a section x in unit 
time. 
Ge C,. a = Constants. 


INTRODUCTION 


The rapid increase in the application of automatic process 
ceatrol in industry has led to the need for a method of designing 
sontroller to obtain optimum plant performance. The advan- 
1g2s of analogue-computing techniques in this design procedure 
ave been pointed out by Ford,! who has presented a method of 
‘culating commonly encountered distributed-parameter ele- 
ats in the form of, for example, heat exchangers.? This 
“ hod requires that the system be split up into a finite number 
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of sections each of which may be represented in the computer 
by a lumped-constant electrical network. Such a technique is 
satisfactory when the partial differential equation defining the 
distributed-parameter system is linear. The accuracy with which 
the computer represents the practical system may be improved by 
increasing the number of lumped-constant sections employed in 
the simulator. 

If the defining equation of the practical system is non-linear, 
as would occur, for example, in a heat exchanger in which the 
supply of fluid to be cooled varied as a function of time, the com- 
plexity of the analogue rapidly becomes prohibitive. The authors 
have considered an alternative method of simulating distributed- 
parameter systems, which, for a given accuracy, employs fewer 
pieces of apparatus than the above method, and in which the 
complexity encountered by the introduction of non-linearities is 
considerably reduced. 

To illustrate the advantages of this technique two practical 
distributed-parameter systems are simulated. The first of these: 
is a heat exchanger simulated by Ford? using the lumped-constant 
network technique. The second problem arose out of the work 
of one of the authors where the system could not practicably be 
simulated by use of previous methods. 


(1) DISTRIBUTED-PARAMETER SYSTEMS 


In a distributed-parameter system the dependent variable, e.g. 
the temperature of the liquid to be cooled in a heat exchanger, is 
a function of two independent variables, position and time. 
Thus an exact analogue of such a system must have two inde- 
pendent variables. 

However, in electronic computers time is the only independent 
variable. The effect of the second independent variable, position, 
may be introduced in two ways. In order that the physical 
significance of these two methods may be more readily appre- 
ciated, they will be introduced in terms of a particularly simple 
system, their application to two more complicated practical 
systems being considered later. 

Let substance be removed from a unit length of belt at a 
distance x from the origin at a rate R(x, t), and consider a unit 
length of the belt (Fig. 1) situated a distance x from the origin 
at time ¢t. The quantity of substance in the element is Q(x, ft). 
At a time 6¢ later, the element having moved forward a distance 
dx, the quantity of substance in the element is Q(x + dx, t + 60). 

The quantity of substance removed from the unit length of belt 
in the time 6¢ is 


R(x + 48x, t + 482)dt = O(x, 1) — Oe + bx, t+ 61). (1) 


f of 
Now f(x + 5x, t+ 6) =f@,)+ 8x — 57 Of (2) 


5x—+> 0, st—+>0 
Hence, from egn. (1) we have, neglecting second-order small 
quantities, 


DR RY 
ps 2) Pee Ase ts Ad ee Teas 


N 
NR 


570 MEREDITH AND FREEMAN: THE SIMULATION OF DISTRIBUTED-PARAMETER SYSTEMS, WITH 


For the second element, 
UNIT LENGTH 


1 
0 a Me i QO(28x, t + 281) = Q(6x, t + dt) — 7 Rx, t+ d1dx (6 


Substituting in eqn. (6) for Q(dx, t + 51), we obtain 


nie aaa O(28x, t + 281) = Q(0, 1) — ee [ RO, t) + R(6x,t+6)] (M 


R(x, t) ‘ 
(Dea NireNert Hence, for the kth element we obtain 
re) OF oe 1 


k-1 1 
‘a O(kSx, t + kdt) = QO, t) — 22'S RSX, t+ 61) (8) 


The output of the system is found by putting k = n, the number 
a a of elements in the analogue. Thus 


x ji n—-1 1 > 
BEES OU ee nos OOS R($-, a $5t ) (9) > 
(0) nv =0 n 
ae cones ou Pa Substituting ndt =7, the distance/velocity lag or time delay of 
® AL dae t+ 8t. the system, and ¢ + +r = ?’ in eqn. (9), we obtain f 
We will now consider methods of solving eqn. (3) using aes from. beds a—l LS ( ah! is) 10 
analogue-computing techniques. Ot, t’) = QO, t’ —7) nw ZR dp me t er i ( 0) F 


As n-> © and 8x -> 0 such that ndx = 1, then 


(2) SIMULATION BY A SERIES OF LUMPED-CONSTANT I 
ELEMENTS Fes F gran ; ’ 
Each element of the distributed-parameter system can be Pe p> nl $4 fe -£)|.3 R(x = 7 +=) dx 
represented by a lumped-constant electrical network. Eqn. (1) oS}. 0 


defines the quantity Q of substance in an element of belt at time 
t + dt in terms of the quantity on the same element at time f. 
Eqn. (1) may therefore be rewritten 


Hence, in the limit, the analogue gives an exact solution of eqn. (3). 


1 (2.1) Geometrical Interpretation 
Ox + dx, t + dt) = O(x, 1) — ake DSHS MeN (4) Eqn. (3) defines a surface in the Q, x, t space (Fig. 4), the form) 
of this surface depending upon the functions R(x, f), OO, ft). The 
Thus, if the conveyer belt of length 7 be divided into n elements 
such that J/n = dx, then an analogue of each element is required 
to solve eqn. (4) (see Fig. 2). An analogue of the complete 
system consists, therefore, of m such elements connected in series. 


Q (x+dx,t) 


1 
—R(x,t) x OR ~-R(x,t) 55 


Fig. 2.—Analogue of an element (6x = //n) of conveyor belt. 


Ist ELEMENT 2nd ELEMENT (n-1)th ELEMENT nth ELEMENT 


-RO,t)4, -atot) es [ory], =R(1,t) Fig. 4.—Geometrical interpretation of the solution of eqn. (3). i 
{) 

Fig. 3.—Anal f ; : : i 
ae AICS Ue Of COmpIChS Sy Siem analogue is required to determine Q(/,t’) as a function of. 
eae : ot Q(0, t’ — 7); this means that, taking a particular example, given 

Be pein iopistnoed ae Which is solved by the the ordinate Q(0, 0) the ordinate A, i.e. (/,7), is required. The 
eet eicict claicne ne have : analogue determines Q(/, 7) ina step-by-step manner. Q(8x, 0) is” 
calculated (Ap, Ay) and the result delayed by a time 84, (Ag, Ay), to 

Q(Sx, t + St) = (0,1) —-RO, 18x . . (5) sive Q(dx, 52). Similarly Q(28x, 251) is determined (Ai, Aj, Ag): 
v and hence Q(/,7) is obtained (Fig. 4). It may be seen that the 
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accuracy of this method depends upon the validity of the approxi- 
mation that O(A;,) = Q(A;,., ), ie. it requires that Q(x) does not 
vary appreciably over a time interval dz. It follows, therefore, 
that if O(x) is a sufficiently slowly varying function of time 
Q(A3) = Q(A7) = A, (,7). Hence the delays //(nv) after each 
element of the analogue may be lumped together to form a 
single delay + = //v, and in this case the analogue determines 
Q(X,) which is then delayed to give Q(A7) = Q(I,7). 


(3) ALTERNATIVE SIMULATOR TECHNIQUE 


An alternative method focuses attention on an element of Q 
entering the system at time ¢, and follows its progress down the 
conveyor belt. We assume initially that the time 7 taken for the 
element to travel the length of the conveyor belt is short com- 
pared with the period of expected variation of Q(0, ft). On this 
assumption it follows that an element selected at time ¢ is typical 
of all elements entering the system in the time- interval 
t#—47r<t<t+4. For such an element distance down the 
conveyor belt is related to time by the equation 


t 
x=] vdt 
) 


where v is the velocity of the element. 

Hence Q is defined in terms of only one independent variable, 
time. The problem is therefore amenable to simulation using the 
conventional techniques for ordinary differential equations. 

Output information is obtained from the simulator at a time f 


t 
such that { vdt = I, the length of the conveyor belt. Hence, in 


following one element of Q one ‘bit’ of output information is 
obtained. The simulator is operated repetitively, so that after an 
element has travelled the length of the conveyor belt output 
information is selected and the simulator reset to initial conditions 
in order to follow another element. 


(3.1) Geometrical Interpretation 


The analogue determines Q(/,7) in terms of Q(0, 0) by solving 
egn. (3) along a path in the x, t plane defined by the equation 


t 
ae =| vdt. Output information is obtained at A, A’, A”... 


0 ; 
corresponding to times 7, 27, 37... 


SOLUTION CURVE 


Q(l,t) 


g. 5.—Geometrical interpretation of repetitive solution technique. 


Fig. 5 corresponds to the case where v isaconstant. In general, 
when the velocity is not constant the paths OA, TA’, 27A” ... 
are no longer straight lines. 


(4) ANALYSIS OF THE TECHNIQUE 
Considering again eqn. (1), we have 


O(x, t) — Ox + bx, t+ 8) = R(x, HSt (11) 
For an element of the belt, 
Xi—10(0) ka ae 
| 
Substituting this in eqn. (1), we obtain 
Q[e(s), t] — Qle(t + 61), t+ dt] = R[g(o), 1]6¢ 
or 
O[F(t)] — O[F(t + 6D] = R[ BM] sr (12) 
where Q[F(‘)] = Q[g(s), t] 
and R[BO] = Rig, ¢] 
Now, writing Z(t) = Q[F(d)] in eqn. (12), we obtain 
Z(t) — Z(t + St) = R[B()] St 
Hence, 
dZ 
— = = RIGO] (13) 


The distributed-parameter system has thus been expressed as a 
function of one independent variable, time. 


(5) THE ‘ONE-SIDE-MIXED’ HEAT EXCHANGER 


In order to illustrate the above technique we will consider the 
simulation of the ‘one-side-mixed’ heat exchanger as discussed 
by Ford? (Fig. 6). 


v4 A 


80 


Ti 
v2 


Fig. 6.—Schematic of ‘one-side-mixed’ heat exchanger. 


It may be shown? that the equations defining the system are 


3 mee T Iss 4 
¥ +y4— = eee ) (14) 
1 ot v(T — T;) = * j (@ T)dx (15) 


| 
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Consider eqn. (14): for an element of fluid entering the inner tube 


of the heat exchanger, 
t 


ea engi tee OO) 
| 


We assume that in an interval of time 7 = //v,, during which the 
element of fluid is travelling through the system, variations of 
(0, t) are negligible. In this case eqn. (14) may be written 


—.= —(T — 5) Steir G1, 
ee C; ( 8) (17) 
and, substituting for x from eqn. (16), we obtain 


dO uty,  UXy fr 
dt Cy Cy 


(18) 
for an element. 


(5.1) Simulator 


In considering this simulator it is convenient to split it into 
three sections as shown in Fig. 7. Section I solves eqn. (18) and 


oe ae 
aelokt @)dx 
vali 


nS ake AG ge SE Tn aly 


Fig. 7.—Block schematic of simulator for the ‘one-side-mixed’ heat 
exchanger. 


requires 7, the temperature of the coolant, and 0), the inlet 
temperature of the fluid to be cooled, as its inputs. The output 
of this section is the temperature of an element of fluid at a time 
t after entering the heat exchanger. We are, however, interested 
only in the solution of the equation for times 0 < t < 7 where 
T =I; i.e. the solution is required only when the element is 
travelling the length of the inner tube. 

Section II determines the instant t = 7 and defines this instant 


by a pulse which is used to select the output from Section I. 
The integrators of Sections I and II are then reset by a master | 
pulse. This corresponds to transferring attention from an | 
element just leaving the system to a new element just entering. | 
The operation of Sections I and II results in the solution of 
eqn. (18) being obtained repetitively. The output of the simu- | 
lator, 6), is obtained discontinuously, one value resulting from | 
each solution of eqn. (18). If, as we assumed at the outset, the | 
period of variation of 8) is much longer than the time 7, then the | 
element leaving the system at time 7 is typical of those leaving } 
in the time 47 < t< 37. The smoothed output from Section I 
thus provides, as a continuous signal, the value of O(/, ft). 
Section III solves eqn. (15), requiring as inputs v7;, where v2 | 
is the velocity and 7; the temperature of the coolant at inlet 
and an output from Section I. = | 
4) 


(5.2) Comparison with a Lumped-Constant Element Analogue i 


It may be seen that variation in the velocity of flow v; involves N 
no extra complication in the simulator shown in Fig. 7. This | 
is a great advantage since, as pointed out by Ford,‘ the considera- | 
tion of variable velocity leads to considerable complication of the | 
lumped-constant element analogue. | 

The only source of error in the simulator discussed above — 
arises because of variations in the input quantities 6), v2.7; and | 
v, during a time interval7. Errors resulting from such variation | 
are discussed analytically in Section 12, where it is shown. that 
for all practical ranges of 7/6) the percentage error in 6, intro-| 
duced by a variation A@p in 8, over the time interval 7, is always - 
less than (A®o/8)) x 100. Therefore, the percentage error in 6; | 
is always less than the percentage change in 0) over the time 
interval 7. Thus, knowing the period of variation of 0) and| 
the time 7, it is possible to assign an upper bound to the error) 
introduced by this method of simulation. 4) 


A particular system has been simulated by one of the authors 
using the technique discussed earlier in the paper. 
The system involves the selective reabsorption of a solute A: 
and water from a solution of A in water during its passage} 


Fig. 8.—Block schematic of simulator for non-linear ; 
distributed-parameter system. i 
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W/F 


ATA 


W/F 
AT A 


68kN 
47k = 
oom ; 
680kQ S| 
330kN WF 
4TB 
SO ge ee I ee 
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Fig. 9.—Circuits and waveforms illustrating operation of simulator. 
(a) Amplitude comparator. 
Waveform at A, f vdt. 
Waveform at B, pulse defining the instant z when f Pir = 


(6) Selector circuit. 
Waveform at A, selected information at instant t = t. 
Waveform at B, information after peak-rectification. 
(c) Integrator resetter. 


Waveform at A, integrator resetting pulse. 
Waveform at B, periodic resetting of an integrator. 
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through a hollow tube,° the reabsorption occurring through the 


walls of the tube. 
The following equations define the system: 


00 6G OU ae (P — PC, (19) 
OX UNOL 
00 ada 
ea ee ans (Fs BC. (20) 
ae + a ar ( pC 
v 
where P, = K(log.° —log.—). at) 
Do Yo 
Pea tE, (22) 
IP iA) (23) 
E = g(t) (24) 


v(x, t) = Volume of water passing a section at x in unit time. 
o(x, t) = Quantity of solute A passing a section at x in unit time. 
Since v(0, f) and o(0, t) do not vary appreciably over a time 
interval r, where 7 is given by eqn. (25), 


v 


i= | a (25) 
a 
0 
Eqns. (19) and (20) may be rewritten 
dv v 
ena Cee Pr)Cw7 (26) 
do v 
_—_— — _ _ _ 2 
7 (E Ey)Co- eer an C1) 
h dv “1 dv v 
where Epos Rae 


Eqns. (26) and (27) define v and o at a position x along the tube 
given by 
t 


r= | ta 
a 


0 


(7) SIMULATOR 


The operation of the simulator is similar to that of the one- 
side-mixed heat exchanger. It may be seen that the simulator 
requires four non-linear elements. Multiplication of two 
variables is effected by the method of quarter-squares, the 
parabolic characteristics of the squarers being obtained using a 
network of biased diodes.© The logarithmic characteristics are 
obtained using the same technique. 


(7.1) Selecting and Resetting Circuits 


As mentioned earlier in the paper, the output from this 
type of simulator is obtained by selecting the value of the depen- 
dent variables (o and v in this case) at the instant 7 defined by 


* 
i i (v/a)dt, and then peak-rectifying the instantaneous values 


so obtained. The simulator is reset to initial conditions after 
each selection. The circuits employed for generating the select- 
ing pulse, selecting and peak-rectifying the outputs and resetting 
the integrators are shown in Figs. 9 and 10, together with wave- 
forms illustrating their operation. 
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(a) i) 


(D) a 


(C) | 
10 
y,005 
° 
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Fig. 10.—Simulator solution curves and comparison with 
calculated curve. 


(a), (6), (c) Simulator solution curves. 
at the instants when | vdt = I, 


In (c) the curves are shown for the case where E = A + Bsin 4501. (This frequen: — 
is five times greater than the variation of E in the practical application, and wi | 
employed solely in order that both the individual solution curves and the low-frequenc — 
envelope could be seen clearly.) 

(d) Simulator solution curve and calculated curve for a case where E and Pa 
constant. 


Brightness modulation of the traces occu 


— Calculated. 
© Measured. 
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8) A LUMPED-CONSTANT ELEMENT ANALOGUE FOR THE 
NON-LINEAR DISTRIBUTED-PARAMETER SYSTEM 

In order to compare the method discussed above with the 

onventional lumped-constant element technique we will derive 


he block diagram of one element of the conventional computer 
Fig. 11). 


SUBTRACT 


(P-P,) Cw Un 


Vx 


SUBTRACT} LoG g 


tig. 11.—Block diagram of one element of conventional computer for 
non-linear distributed-parameter system. 


It may be seen from Fig. 11 that each element of the computer 

sentains two logarithmic non-linearities and two delays of value 
‘(nv,), which are variable since v is a variable. It has been 
‘hown by Ford? that in order to obtain reasonable accuracy at 
east 10 elements must be used. Clearly, therefore, this computer 
ases many more pieces of apparatus, and is inherently less 
‘cliable than the computer suggested by the authors. 
_ In the work in which eqns. (19)-(24) arose, the quantity C, 
vas also a function of time. Using the computer suggested by 
‘he authors, this requires one additional multiplier, whereas 
ising the lumped-constant element computer it requires one 
idditional multiplier per element. 


(9) DISCUSSION AND CONCLUSIONS 


In this Section the two methods of simulating distributed- 
»arameter systems which have been presented in the paper will 
ve compared. 

_ Using the lumped-constant element analogue the amount of 
spparatus required to include a delay //(nv) after each section 
3 in general prohibitive. To overcome this practical difficulty 
., single delay may be included at the end of the analogue. This, 
1Owever, imposes a limitation upon the accuracy of the analogue 
ind requires, as discussed in Section 2.1, that the dependent 
variable at any x is a slowly varying function of time, ie. it 
‘equires that the period of variation of Q(x) is much greater than 
ihe delay time 7. Also, it has been shown that the only factor 
ffecting the accuracy of the alternative technique is the variation 
‘0 Q(x) during the delay time 7. Consequently this alternative 
‘echnique imposes no additional limitations upon the function 
x,t). If the limitation on Q(x, Pf) is satisfied the alternative 
echnique of simulation produces an exact solution of the 
ifferential equation of the system. With the lumped-constant 
lement analogue this is not so, the accuracy of simulation 
“spending in addition upon the number n of elements employed. 
| it should, however, be pointed out that whereas the lumped- 
‘oustant element analogue produces a continuous output, the 
‘Uernative technique produces output information in ‘bits’, 
bu, because of the limitation placed upon Q(x, f), a bit of infor- 
‘secon obtained at time f a a accurately the output in the 
wie interval ¢ —47< t< t+. 
| is clear from the two examples considered in the paper that 
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the alternative technique employs much less equipment than 
the lumped-constant element method. This is particularly so 
when the system being simulated is non-linear. Such a saving 
in pieces of apparatus must make the computer inherently more 
reliable. 
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(12) APPENDIX: SIMULATOR ERROR FOR 
ONE-SIDE-MIXED HEAT EXCHANGER 
When simulating the ‘one-side-mixed’ heat exchanger using 
the authors’ technique it was assumed that 00/dt =0 over a 
time interval 7. The error introduced by this assumption will 
now be investigated. 
The equations defining the system are 


06 0 uatg 

7 + es z= (TF — 0) (28) 
dT disk u&o : .? 
[F + vf —T) = ai (@ — Thdx (29) 


Since 9(t) is a slowly varying function we may put d6/d¢ = & 
over an interval of time t = //v,;._ Thus eqn. (28) becomes 


20. > (T — 8) 


30 
Ox V, YyCy (30) 


Integrating eqn. (30) with respect to x, we have 
‘Ge eS pa 8 
pS) ae 


( (es) Za, ay} 
Therefore, 


Udy 
6, = Oo exp ber ae nee Ae ~ 1) fi. - exp he 


log. 


1) | (31) 
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Had we assumed that ys = 0, ie. that 0) did not vary over the 
time interval 7, then eqn. (31) would be 


0 = Oy exp (— 51) +71 — exp ea (32) 


The error introduced by assuming ys = 0 is therefore A 
! @ 
WC; (= ) F 
1 if 
ah re V1Cy | Or? 
If the error is small then the percentage error in 6, is given by 
-- E — exp (21) | x 100 
UX V4Cy (33) | 
io) ms is) kT 
69 exp G!) + 71 exp (a ‘| 


Fig. 12.—Value of 7/99 which for a particular value of kt gives the| 


maximum of the error function I. 
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eqn. (33) becomes 
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A ctiterion for the accuracy of the simulator is the percentage i me 
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Percentage error = 


error arising from a given percentage change in the input con- 
ditions over the time interval r. 
Therefore, 


Percentage error 1 . 
| eee me a aa 
0 (6) 0-1 0: 03 


e100 __exp (—kr) 
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The maximum value of I’ is the greatest error that the simulator Fig» 13-—Maximum value of error function I’ as a function of 7/89. 


can produce for a given change in input conditions. This 


maximum error occurs when 1/T is a minimum. Fig. 12 shows the values of 8 which for any « gives this condition 


Substituting the values so obtained in eqn. (35), we obtain the 

djl) _ 8 exp (—«) oP (9) (36) ™aximum possible value of the error function F as a function of 

da 1 — exp (—a«) [1 = exp (—a)/? 7/09 (Fig. 13). For T/69 > 0-5 the function T’ has no maximum 

where B = T]@p and « = kr. for real a. However, I’ for T/@ > 0°5 is always less than the) 
Fors catonary valenon maximum error for T/8) = 0-5. Since T and @ are absolute 
aaID temperatures, the practical range of 7/6) is most unlikely tc} 

i 0 exceed 0-5 < 7/8) < 1. Therefore, the percentage error in 9, is 

da less than (A@/69) x 100. 
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SUMMARY 


The paper describes how a conventional magnetic drum may be used 
in an analogue computer. The magnetic drum becomes a versatile 
element in this computer, giving a large storage capacity combined 
with a relatively short access time. Several of the important facilities 
obtainable by this technique are discussed. 


INTRODUCTION 


The use of a rotating magnetic drum is well known in the 
field of digital computing.! The periphery of the drum is 
nickel-coated, and combined ‘read-write’ heads are situated near 
to the drum surface. A large current is passed through the 
‘write’ head so as to saturate a portion of the nickel coating. 
As the drum rotates the remanent magnetism of the drum surface 
induces a voltage into the ‘read’ head, enabling the recorded 
cata to be reconstructed. Each head is made as narrow as 
possible so that many heads can be used with one drum. That 
portion of the drum associated with one head is termed a ‘track’. 
About 250 tracks can be accommodated on a typical magnetic 
drum. 

The disadvantage of the magnetic drum for digital-computer 
application is the access time required to deliver the stored 
information. However, this access time is short compared with 
the speed of operation of some analogue computers, and where 
the drum is used to record analogue information the device gives 
a short-access-time permanent store of large capacity. 

A small analogue computer has been constructed to exploit 
the advantages of the analogue store. Following a description 
‘of the basic units, some applications of this machine are given. 


(i) THE BASIC TECHNIQUE 


in recording a signal on the drum, it is not legitimate to assume 
‘that there is a linear relationship between magnetization of the 
‘drum surface and head current. In the first case, the magnetiza- 
tion characteristic of the nickel surface will be non-linear, although 
this may be partially overcome by the use of a suitable high- 
frequency bias current.2 More serious disadvantages are that 
the nickel surface is of non-uniform thickness, giving different 
characteristics along a track, and there exists a non-uniform 
air-gap as the drum rotates, owing to drum eccentricity. In the 
Worst cases, eccentricity causes the output signal to vary in 
amplitude by a factor approaching 2 : 1. 

For these reasons, a form of pulse modulation is employed, 
whereby the drum is saturated all the time, and the information 
is stored by varying the time spent in alternate states of saturation. 
This mode of operation ensures that any recording erases previous 
information on the drum. 

Two forms of modulation may be considered: frequency 
modulation and pulse-width modulation. A disadvantage of 
frequency modulation in this particular application is that any 
veriation in drum rotational frequency produces a corresponding 
~eriation in the output of the device. 

Pulse-width modulation does not suffer from this disadvantage, 
ard renders unnecessary the accurate control of drum speed. A 
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further advantage is that the variable-width pulses can be used 
directly in a pulse-height-pulse-width multiplier.!° 

The system chosen employs pulse-width modulation of a 
10kc/s carrier signal. Automatic gain control in the read circuits 
enables the position of the pulses to be detected accurately as 
the pulse amplitude varies. The carrier-signal frequency should 
be as high as possible, since the amount of data stored per track 
is proportional to this frequency. The upper limit is imposed 
by the mechanical details of the drum and head construction and 
the properties of the magnetic material employed. 

Thus the basic system comprises a modulator, magnetic drum 
and demodulator. The incoming analogue voltage varies the 
mark/space ratio of a 10kc/s pulse train, and these pulses then 
magnetize the drum surface to saturation point. The read-head 
signal is proportional to rate of change of flux, and hence is 
composed of alternate positive and negative pulses. The 
demodulator employs these pulses to trigger a bistable flip-flop, 
reconstructing the original pulse train. After smoothing out the 
carrier frequency, the original information is recovered. 

The following Section gives a more detailed description of the 
basic equipment. The application considered first is important 
since it shows how all information is fed on to the drum. The 
recording of long-period phenomena was also the first suggested 
use for the device; only later were its versatile properties 
appreciated. 


(2) THE RECORDING OF LONG-PERIOD PHENOMENA 


In the testing of automatic control devices, it is frequently 
required to observe the transient behaviour of the system. The 
period of observation usually lies in the range from one second 
up to several hours. For the faster systems, the response may 
be displayed on a cathode-ray tube having a long afterglow. This 
is a convenient technique, but it is often difficult to obtain an 
accurate visual picture of the overall response, owing to the 
decay of the cathode-ray-tube image. 

It was decided to construct a device which enabled the system 
response to be displayed repetitively on a cathode-ray tube, pro- 
ducing the effect of infinite afterglow. 

This involved storing the transient over a long period of time, 
and displaying repetitively the instantaneous content of the store. 

One magnetic track is used for each variable being recorded. 
The input information is sampled once per drum revolution and 
the sample recorded on successive sections of the magnetic 
track. The recorded information is read off continuously and 
applied to the Y-plates of a cathode-ray tube. X-deflection is 
provided by a linear sawtooth voltage synchronized to the drum 
rotation, so that the whole of the long recorded function is dis- 
played repeatedly at drum repetition rate. By suitable gating of 
the output of the store, the recorded data can be obtained with 
any desired expansion or compression of the time scale. 


(3) EXPERIMENTAL DETAILS 


The operation of the equipment must be synchronized to the 
drum rotation, and to obviate accurate control of drum speed! 
the clock pulses required are recorded on the drum.?_ Two sets 
of pulses are required. First we need a pulse occurring once 
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per revolution, defining the datum point along each track. This 
pulse controls a Miller integrator, producing a linear sawtooth 
voltage synchronized to the rotation of the drum. 

The other clock pulse needed is a high-frequency pulse train 
(nominally 10ke/s) used for driving the input modulator. Both 
sets of pulses are recorded on a single track. This is con- 
veniently achieved by writing a continuous line of 10kc/s pulses 
on the clock track, and then erasing these for a short distance. 
The absence of 10kc/s pulses is then used to synchronize the 
sawtooth waveform. 

Since the period of the linear sawtooth waveform is identical 
to the time for one drum revolution, each voltage level of this 
waveform corresponds to one particular point along each track. 
This enables any point on a track to be specified by means of a 
voltage. 

To record a long-period transient, an additional linear saw- 
tooth voltage is generated, whose period is equal to the time of 
observation of the transient. This slow sawtooth is compared 
with the synchronized time-base, so that coincidence occurs at a 
varying point along the fast time-base run-down, corresponding 
to a varying point on each track opposite to the head. The 
instant of coincidence hence defines the instant at which writing 
must commence and the position of storage along the track. As 
the slow time-base voltage varies, the point at which writing starts 
will move along the track, gradually filling it with the encoded 
information. 

A block schematic of the recording system is shown in Fig. 1(a). 
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Fig. 1.—Apparatus for the recording of long-period phenomena. 


(a) ‘Write’ equipment. 
(b) ‘Read’ equipment. 


The recorded information is obtained repetitively as the output 
of the track. The demodulator incorporates a circuit com- 
pensating for the variation in pulse amplitude due to drum 
eccentricity. 

To obtain the recorded function for a particular value of time, 
the output of the track is gated at the corresponding distance 
along the track. If the gating pulse slowly moves along the 
track, the gated signal slowly reproduces the recorded informa- 
tion. In particular, if the gating pulse moves at the same rate 
as the writing pulse, the recorded information is delivered on a 
1 : 1 time scale. 

Fig. 1(5) illustrates how the Ee | information is delivered 
as a slowly-varying function of time. Gating pulses are pro- 
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duced at the instant of coincidence of the synchronized time-base 
waveform and a slowly varying linear time-base. These pulses 
gate the repetitive output of the demodulator, the particular 
values of the data being stored from one gating pulse to the next. 
When the slow time-base is identical to that used when recording 
the transient, the final output reproduces the original signal. 

As an example of this device, the response of a Velodyne 
incorporating integral control has been recorded. Fig. 2(@) 
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Fig. 2.—The recording of long-period phenomena. 


(a) Output velocity as a function of time. 
Direct. x After recording on drum. 


(b) Repetitive output of track, together with synchronizing signal. 


shows the output velocity as a function of time, in response tc 


a step demand of velocity. For comparison, the transient is) 
shown after being recorded and subsequently played back on a) 


unity time scale. 


Fig. 2(b) shows the repetitive output of the track used, topetiag | 


with the synchronizing signal. 


The magnetic drum may be compared with other methods i 


netic tape, or conventional recording on a roll of paper.* One 


advantage of the device discussed is that the whole of recordeé¢ 


information is immediately available for inspection, whilst) 
Further, the recorded information is 
available as a voltage, as opposed to the position of a mark or) 


recording is taking place. 


a piece of paper or film, so that it is in a form suitable for feeding 
into a computer. 

The disadvantages of the system are that only a relatively 
small amount of information can be stored on one track, and the 


maximum frequency which can be recorded is limited, owing tc. 


the sampling technique employed. 
Using a 10ke/s carrier frequency, together with a drum rotating 
at 50c/s, it follows that 200 cycles of the modulated carrier may, 


be recorded on one track. Thus the information is stored as < 


series of 200 spot values. 
the transient response of a servo system. 

Since the incoming information is recorded eee per drun 
revolution, no significant variation must occur in = 
imposes a basic limitation to the high-frequency respouee of the 
system. Appreciable phase-shift occurs when recording a sinu: 
soidal signal if its frequency is higher than 4¢/s. 
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(4) THE GENERATION OF NON-LINEAR FUNCTIONS 


The simulation of non-linear characteristics is desirable in any 
versatile analogue computer. The simplest and most widely 
used technique employs a series of biased diodes.> This is 
articularly convenient where the required characteristic is a 
smooth curve. Even so, many diodes may be necessary if 
reasonable accuracy, together with a large change of slope, is 
required. For example, a cubic characteristic was constructed 
‘or the investigation of sub-harmonic resonance. Twenty-four 
diodes were found necessary to give a suitable characteristic. 

Cathode-ray-tube curve-follower function generators have been 
employed in analogue computing> and non-linear servo-mech- 
anisms.?. They offer the combined advantages of ease of 
modification of the function and high operational speed. Any 
single-valued function can be obtained by inserting a suitable 
mask. 

One track on the magnetic drum may readily be used as a 
inen-linear function generator, capable of storing any single- 
valued function which may be represented by 200 spot values. 

To store the function y = f(x) the distance along a track is 
‘taken as corresponding to the voltage x. In a manner similar to 
the recording of a long-period transient, a slowly varying voltage 
is derived, passing through the range of values of x. This 
voltage can be any function of time, and is most simply obtained 
{rom a potentiometer set manually. As the voltage x is varied, 
‘the corresponding value of f(x) is set up on a further potentio- 
ameter. This value of f(x) is then automatically recorded at the 
werrect point along the track, since the position is defined by 
scoincidence of voltage x with the linear-time-base voltage. 

In this way, the function can be recorded step by step, from 
tabulated values. Any reasonable number of discontinuities in 
the desired characteristic can be faithfully recorded. 

To find f(x) corresponding to a given voltage x, it is necessary 
to gate the output from the drum track at the appropriate time. 
The correct instant is given by coincidence of the position- 
defining sawtooth voltage and the input voltage x. At this 
instant, the demodulated signal from the track is delivered to the 
output circuit. This circuit consists of a condenser large enough 
to store the voltage f(x) from one gating period to the next. 
Thus, if x were held constant a signal from the read head corre- 
sponding to the appropriate f(x) would be read once per revolu- 
tion of the drum. The output from the smoothing circuit would 
be a constant voltage proportional to f(x). 

Fig. 3 shows two non-linear functions recorded on the drum, 
together with the response to a sinusoidal signal of 1-5c/s. 
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Fig. 3.—Response of non-linear function generator. 


(a) Non-linear function. 
(b) Sinusoidal response. 


The limitations imposed on the use of the drum as a function 
generator are that the function shall be accurately represented by 
29) spot values, and that the input x to the non-linear unit shall 
nt change appreciably in #5sec, or one drum revolution. 
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A special feature of the function generator described is that 
the form of the function is determined by recording the varia- 
tion of one voltage with another. This feature has important 
potential advantages. For example, the function generator 
could be used to provide a non-linear device for optimizing the 
transient response of a remote-position-control servo-mechanism. 

In its present form, the drum function generator has proved 
reliable and simple in operation. 


(5) THE MAGNETIC DRUM AS A DELAY NETWORK 


A pure time delay is frequently encountered in the analysis 
of automatic control systems. Process controllers and nuclear 
reactors involving heat exchangers are some of the most impor- 
tant practical examples. 

A multiple delay network can also be used as a complete 
analogue of any linear system. 

The simulation of a pure time delay is not simple using con- 
ventional feedback amplifiers, especially where a large time delay 
is required. As more phase-lag is required in the delay network, 
more stages of computing amplifiers are required, and the more 
rapidly does the behaviour of the simulator deviate from the 
desired characteristic as the input frequency is increased. 

Thus, simple delay networks suffer from two disadvantages. 
First, the complexity of the equipment increases as the desired 
delay increases, which normally implies that the characteristic 
deviates more from the ideal as the delay is increased. Secondly, 
the delay is simulated by discrete separate networks so that the 
output time delay is variable only in finite steps. 

The magnetic drum offers several advantages over conventional 
delay networks. Given the basic equipment as used for the 
previous applications, little additional complexity is involved. 
The time delay available is unlimited, is smoothly variable, and 
can be controlled by a voltage signal. The departure from the 
ideal characteristic is independent of the delay. At any instant 
the input signal can be obtained with any delay up to the maxi- 
mum demanded. Limitations on the range of operation are 
imposed by the drum rotational frequency, and by the limited 
capacity of one track of the drum store. These limitations will 
be discussed later. : 

The method adopted involves sampling the input signal once 
per drum revolution, and recording the samples on successive 
portions of a track. The process is made continuous, so that 
when the track is completely filled writing carries on, over- 
writing the first sample recorded. In this way, the track always 
contains the present value of the input signal and all past values 
up to a time 7 seconds previously, where 7 is the time taken for 
the track to be completely filled by the incoming signal. 

The point along a track at which recording takes place moves 
once around the track every 7 seconds. Similarly, the point 
containing the data recorded at some time 7’ seconds previously 
will move around the track in 7 seconds, with a constant posi- 
tional displacement from the point at which writing is taking 
place. Thus, the recorded signal may be read off at a time 7’ 
after being recorded by gating the repetitive output of the track 
at a fixed time interval 67’ (67’ < -ysec) after a write pulse. 
For example, suppose the write circuit is arranged so that the 
track is completely over-written in a period of 10sec. Then, at 
any instant, the information recorded 5sec previously will be 
stored at a point along the track diametrically opposite to the 
point at which writing occurs. With the drum rotating at 50c/s, 
if the repetitive output of the track is gated at 35sec after writing, 
the resultant output is the input signal, delayed by Ssec. 
Increasing the delay of the gating pulse decreases the time delay 
of the output waveform, and vice versa. 

The method employed for producing the variable delay uses a 
linear sawtooth voltage initiated by the write waveform. Each. 
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voltage level of this sawtooth corresponds to a given delay, so 
that when the voltage passes through some predeterminated 
value the output of the track is gated and fed to the smoothing 
network. The delay is variable, since this only implies varying 
the mean level of the sawtooth waveform. If the mean value of 
the sawtooth voltage is allowed to vary periodically, e.g. by 
adding a low-frequency signal to it, a periodically-varying time 
delay is obtained. The mechanism here is similar to the tech- 
nique for the generation of non-linear functions. 

Before considering the experimental behaviour of the system, 
the limitations imposed on the delay unit will be discussed. As in 
all applications of the magnetic drum, the access time limits the 
maximum input frequency, and the phase shift will deviate from 
its desired value when the input frequency is above about 4c/s. 

The limited capacity of one track (200 elements) limits the 
information which can be stored at any time and the maxi- 
mum phase delay obtainable. For example, if it is sufficient to 
represent one cycle of a sine wave by 16 spot values, at the 
highest frequency of interest, no more than 12 cycles can be 
stored on any track. Thus, the maximum phase change of the 
delay system is of the order of 4000°. In practice, it is not 
possible to read off a track immediately writing stops, because 
the write signal saturates the read amplifiers. This cuts down 
the maximum phase delay by about 10%. 

The advantages of the system are as follows. Although the 
maximum phase delay is limited, no upper limit is imposed on 
the time delay of the system. The time delay is easily adjust- 
able, and may be controlled by an input voltage. A delay of 
10 cycles is available. 
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Fig. 4.—Response of delay network. 


Experimental behaviour of the system is shown in Fig. 4. 
This shows the input and output of the delay network for a 
rectangular pulse and for a discontinuous sine-wave. 
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(6) CONCLUSIONS 


It has been shown how a magnetic drum can be used as é)) 
storage element for analogue data. Advantages are the large) 
total storage capacity and short access time. The short access) 
time enables the storage system to be incorporated in an analogue) 
computer. In this application, besides presenting a convenient) 
source of input functions, the device can be used as a flexible non-) 
linear function generator. The storage of information by 
pulse-width modulation enables analogue multiplication tc 
be performed in a simple manner. 

The magnetic drum can also be used to simulate a pure time) 
delay. This time delay is unlimited, provided that the waveform 
can be represented by 200 spot values over the delay period. 

It is considered that the magnetic drum has sufficient advan-), 
tages as a versatile element of an analogue computer to com: 
pensate fully for the complexity of the basic equipment. 
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AND THE UTILIZATION SECTION, 15TH APRIL, 1958 


Mr. J. K. Webb: Have the authors considered the use of pulse- 
code modulation as an alternative to the scheme which they pro- 
pose? From a rough calculation it would appear to offer the pos- 
sibility of appreciably increasing the capacity of the store from the 
200 spot values mentioned. Asa matter of more general interest, 
a method has been developed which overcomes the non- 
uniformity of the air-gap as the drum rotates owing to its 
eccentricity. The drum heads are assembled in specially shaped 
blocks which are kept off the drum by a pulley system. When 
the drum has reached speed, the pulleys lower the blocks slowly 
on to the drum and then the blocks seat themselves on an air 


cushion which maintains a constant gap width of abou! 
00003 in, despite eccentricity. Should the drive power to the 
drum fail, the pulley motor actuates and withdraws the blocks.» 
Drs. J. L. Douce and J. C. West (in reply): Mr. Webb is correc’ 
in suggesting that a digital recording technique would increase - 


the storage capacity. For a 100kc/s repetition frequency |) 


2000 digits will fill one track, so that approximately 300 spol. 
values could be stored with an accuracy of 1%. It was con 
sidered, however, that the advantages of a simple analog 
recording system outweighed the additional complexity involvec | 


in the digital coding and decoding. | 
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SUMMARY 


A flat, thin television cathode-ray tube for monochrome or colour, 
whose thickness is only about one-quarter of its screen diagonal, has 
been developed by the authors to the point at which the feasibility of 
its essentially novel features could be tested singly, and partly in com- 
bination. In the flat tube the electron beam—and in the case of a 
colour tube, three beams—issuing from the same gun is launched 
vertically downwards. A line-deflection system imparts to it a pendu- 
lating motion in a vertical plane, and a reversing lens turns this plane 
by 180°, increasing the deflection angle by a factor of about 4. 
Just before reaching the screen region the beams are turned into the 
vertical direction by a magnetic collimator. The beams now enter a 
narrow space between the phosphor screen and a ‘scanning array’, 
consisting of parallel, horizontal conductors, arranged in a plane 
parallel to the screen. At a certain level the beam is thrown against 
the phosphor screen by an electric field, which travels downwards with 
This travelling field is produced by the 
beam itself, which, in the intervals between line scans, falls on the 


_ conductors of the array in a narrow zone, discharges them, and 


‘lines and close together into the screen region. 


_ at different angles. 


thereby pushes the field to a lower level. Recharging of the array after 
the frame scan is also effected by the electron beam, making use of the 
secondary emission of the array conductors. This is the principle of 
self-scanning. Colour is produced by shooting three beams on parallel 
The deflecting field 
between screen and array acts as an efficient short-focus lens, and unites 
the three beams in one small spot at the screen, which they approach 
Colour discrimination is produced by a line 
shadow mask about 0-5mm only from the screen, and fixed to it by 
means of small, invisible bridges. This also serves as a mask in 
producing the colour-phosphor strips by a powder-settling process in 
air. The extensive electron-optical development work is described in 
detail, and mention is also made of special technological problems 
taised by the new c.r.t. design, and of their solution. 


INTRODUCTION 


The television set of the future, which will hang on the wall 
like a picture, has been for years a standing feature of imaginative 
American advertisements.* They started at the time when 
electroluminescence had its first successes, and what the copy- 
writers or their scientific inspirers had in mind was some 
electroluminescent plate, backed by the future marvels of solid 
electronics. Whether these glimpses of the future were truly 
prophetic or not, they acted as a challenge to old-fashioned 
vacuum electronics. We want to show that the ‘telescreen on 
the wall’, in monochrome or in colour, can be realized by a tube 
using electron beams, although it is a tube which has completely 
lost its ‘tubularity’. 

After a short time of development in the 1930’s, the modern 
television tube has settled down to its present well-known funnel- 
shape, and has become an’ object of mass production. It was 
evident from the start that the rather revolutionary new flat tube 
would be more expensive in itself than the conventional mono- 


* It was, in fact, such an advertisement of a great American company in the Saturday 
Evening Post in 1952 which started one of the authors (D. G.) thinking about a flat 
tube. The first Patent Application was filed in 1952. Experimental work, under the 
auspices of the N.R.D.C. was started in 1953, with the assistance of Dr. Stuart, whose 
responsibility was the electron-optical development, while P. G. Kalman, who joined 
he work in 1956, was engaged in technological developments. 
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chrome tube, and although this may be partly offset by savings 
in circuit design and cabinet costs, it appears questionable 
whether the public would be willing to pay the extra price just 
to be able to hang the television picture on the wall. What 
encouraged us to start the development, and the National 
Research Development Corporation to sponsor it, was the 
expectation that television was due for a revolution anyway, by 
the advent of colour. As will be shown in detail later, the flat 
monochrome tube can be changed into a colour tube with only 
a few modifications, very simple in comparison with the step 
from conventional to colour tubes, and we believe that the 
resulting tube will well bear comparison commercially with other 
colour tubes. Though colour television may not have gained as 
much ground as was generally expected five years ago, there can 
be no doubt of its ultimate overriding popularity once the public 
can be offered colour sets at a reasonable price, and with the 
same standards of safe operation as monochrome television. It 
is therefore fair to expect that television may be able to take 
two steps at once—from monochrome to colour, and from the 
bulging cod’s eye to the flat screen on the wall. 

The novelty of the flat tube resides chiefly in its unconventional 
electron optics and scanning mechanism, and the major part of 
the paper will be devoted to these. Comparatively little space 
can be spared for the technological problems raised by its 
manufacture, and its circuit design will be reserved for later 
publications. 

At the time of writing the development has just about reached 
the limit to which it can be taken in an academic laboratory by 
postgraduate students. This is restricted not so much by the 
material means available as by the requirement that workers for 
higher degrees must keep clear of routine jobs, and be employed 
only on problems of scientific interest, which give them experience 
in original work. Development to the commercial stage must, of 
necessity, be left to industry. 


(1) GENERAL DESCRIPTION OF THE TUBE 


In conventional cathode-ray tubes, ever since the days of 
Ferdinand Braun, the beam approaches the screen in a straight 
line, like a pencil pivoted by its end. In the new flat tube, the 
beam is folded over on itself, and runs for most of its length 
parallel to the picture screen, bending towards it only on the last 
short section of its trajectory.* 

The tube, shown schematically in Fig. 1, is an all-glass version 
of a colour television tube, but it will be convenient to leave the 
explanation of the colour production for later. The tube is 
essentially a flat glass box, with a depth of about 34in outside, 
2in inside for a screen with 12in diagonal. It is divided in 
depth by a base-plate, on which are mounted all the electrode 
structures, and which, in turn, is carried by four elastic metal 

* Launching the beam parallel to a phosphor screen and deflecting it by an electro- 
static travelling field towards the screen was independently proposed by one of the 
authors! and by the American inventor W. Ross Aiken. Apart from this basic 
common feature the flat tubes developed by Aiken and by the authors are different 
in every respect. In the Aiken—Kaiser tube, both the line and the frame scan are 
effected by waves travelling along a relatively small number of electrodes (10 and 7, 
respectively), which are driven by outside circuits. Colour is produced by two beams 


scanning a thin transparent double-sided phosphor screen, Particularly interesting 
is a completely transparent tube, fixed on the windshield of an aeroplane, which was 


successfully tested in flight? in August, 1957. 
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Fig. 1.—Gabor-N.R.D.C. colour television tube, all-glass version. 


rods let into the joint of the two glass shells. It is preferable to 
make this plate of a material with high magnetic permeability, 
such as Permalloy, so that it may act at the same time as a very 
efficient magnetic screen. 

The electron gun can be a conventional type in the mono- 
chrome version; the special gun for colour tubes will be described 
later. It is mounted behind the partition, near the top, and 
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launches the electron beam vertically downwards. The beam \) 
passes through the line- or X-deflection plates, so that it swings | 
parallel to the plane of the base-plate, in the rhythm of the line » 
scan, with an angular excursion of about +15”. 

The gun and X-deflectors are more or less conventional, but 
the beam next passes into a new type of electron-optical element, |; 
called the reversing lens. This is a somewhat complicated ; 
electrode structure, the discussion of which will take up a good |) 
part of the paper, but for the present it will be sufficient to 
mention two of its many functions. The reversing lens rotates 4) 
the plane formed by the fan of rays issuing from the deflector } 
by 180° into another plane, parallel to the picture screen, while 
increasing the divergence angle of the fan by a factor of about 4. } 
This means that, on leaving the reversing lens, the deflected rays 
sweep through an angle of about 120°. Owing to this large ) 
divergence, the beam sweeps out the whole horizontal width of ) 
the picture only a few inches above its lowest point. At this |) 
level the beam passes through another novel structure called the © 
collimator, which is the only magnetic element in the otherwise 
purely electrostatic electron-optical system. This can be con- 
sidered as a very powerful flat lens, which collimates the rays, 
i.e. it sends the beam exactly vertically upwards, into the space "| 
between the base-plate and the luminescent screen. 

The base-plate carries, near its front face and spaced from it | 
by a few millimetres, an electrode structure called the scanning \ 
array, visible in Fig. 1 and in more detail in Fig. 2. The purpose 
of this device is to bend the beam towards the screen at a certain j 
level, at the same time focusing it, and to sweep this level down- | 
wards at the speed of the vertical scan. | 

As seen in Fig. 2, the scanning array consists of a large number 
(about 100) of thin linear conductors, which can be realized for 
instance by metal strips printed on an insulating base, and which 9 
are not connected to anything. They are charged and discharged 
by the writing beam itself, as will be explained later. For the = 
present, let us assume that up to a certain level (the lowest of the 
group of four lines explicitly shown in the middle of Fig. 2) the { 
conductors are charged up to the maximum positive potential | 
V,,, Which is also the potential of the luminescent screen. Up © 
to this level, therefore, the electron beam proceeds vertically. |) 
Above a certain level (the top line of the group of four) the #! 
potential may be, say, 4V,,, i.e. strongly negative with respect 
to the screen, while the four lines themselves represent a transi- | 
tion region. The trajectories will then curve towards the { 
screen in this region, in a way which is shown in full detail in | 
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Fig. 2.—The principle of self-scanning by writing beam. 
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graphical trajectory plotting. It is seen that the beam is not 


_ only bent but focused; this is the effect of ‘deflection focusing’, 


which is well known in television tubes as a serious disadvantage 
of electrostatic deflection, and is here made to serve a useful 
purpose. We will deal with it later in more detail, since it is 
the basis of colour production in the flat tube. 


(2) THE SELF-SCANNING PRINCIPLE 
Fig. 2 illustrates also the second function of the array—the 


_ yertical or frame scan which is effected by the writing beam 


itself. The scanning array forms U-shaped loops at both sides 
of the picture area, and in this region the conductors are slanting 


_ upwards, terminating in horizontal sections, which are staggered 
_ upwards by a certain amount relative to their long, horizontal 


central sections. As long as the beam remains inside the picture 


_ area, the charge of the conductors remains unaltered, and hence 


the spot describes an exactly straight horizontal line. .But when 


a line scan is finished, the beam moves into the loop at the right- 


hand side, and here, if the stagger is properly dimensioned, the 
beam will spray one or several conductors in the transition region. 
The area opposite this is at a lower potential and acts as a 
suppressor of secondary electrons. In consequence, the sprayed 
conductors are discharged by the full amount of negative electron 
eharge which they collect from the beam. This causes the 


-#ransition region to move downwards, and hence the next line 
_ sweep of the spot will be at a somewhat lower level. 


If the beam 
current during the time between two line sweeps, while the beam 
rests in the loop at the right, is properly dimensioned, the spot 
will move down just by a step of the desired length. 

It remains to be shown that conditions can be found such 
that the discharge wave moves downwards not only at the right 


speed, but without distortion, i.e. the process described is stable, 


' and moreover that, by suitable choice of the stagger, the stable 
| discharge wave can be made to have the right sort of profile 


required for effective focusing of the writing beam. This was 
verified experimentally, and a mathematical discussion is given 


_ in Appendix 12.4. 


When the beam has run down and the array is discharged, it is 


_ recharged again by the writing beam. This is done by stopping 


the line scan and moving the beam into the loop at the left-hand 
side. This differs from the other loop by a somewhat larger 
stagger and by the presence of a screen grid between the beam 
and the terminal portion of the array. This screen grid is 
maintained at the maximum positive potential V,,, called the 
‘ultor’ potential, and therefore acts as a collector of secondary 
electrons. If the secondary yield, 5, of the array conductors 
exceeds unity, the effect is as if 6 —1 positive electrons had 
landed on it instead of one negative electron, and the conductors 
charge themselves up gradually to the screen-grid potential V,,, 
while the beam moves upwards, to the top. 

A metal strip called the ‘C-plate’ is arranged at the top, and 
maintained permanently at a level near cathode potential. 
When the new frame starts, the line scan is switched on again, 
and the beam moves from the region of the screen grid into the 
region of the C-plate, which throws it against the luminescent 
screen. The C-plate is at such a distance from the top conductor 
that the scanning wave is, as it were, ‘preformed’, so that the 
run-down can start automatically, with the right waveshape and 
at the right speed. Interlacing is effected by giving the C-plate 
somewhat different potentials in alternate frames, so that the 
scan starts at levels differing by a line spacing. 

An essential element in this self-scanning process is the good 
secondary emission of the array conductors in the section facing 
che screen grid in the left-hand loop. As television tubes are 
yperated with voltages of 12-25kV, and the best known 
secondary emitters have ‘sticking potentials’ of 12-15kV, this 
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might appear a very serious difficulty. In fact, it appeared so 
serious that rather complicated schemes were evolved for spray- 
ing the conductors with slower electrons, and also for recharging 
them by photoconductivity or by bombardment-induced con- 
ductivity. Fortunately these fears were unfounded. The data 
for secondary emission usually given in literature relate to normal 
incidence. The angle of incidence makes little difference with 
rough surfaces, such as fluorescent powders or magnesium-oxide 
smoke, but a very great deal for polished surfaces. Roughly 
speaking an electron of energy W incident at an angle @ to the 
normal releases a comparable number of secondary electrons to 
an electron with perpendicular incidence and an energy W cos? 0. 
Hence an electron of 20keV energy incident at 60° is roughly 
equivalent to a SkeV electron. There exist a fair number of 
suitable materials which have secondary yields well above unity 
at SkeV ‘perpendicular energy’, and the incidence can be easily 
made very oblique. We will return to this question later in 
connection with the technological problems of the flat tube. 


(3) COLOUR CONTROL 


It may be seen in Fig. 3 that a vertical collimated beam filling 
one-third of the spacing, Y, between the array and the screen is 
concentrated by deflection focusing into a narrow region of about 
0-12Y vertical width, in which the marginal rays arrive with a 
convergence angle of 30°. If the beam, instead of being colli- 
mated, is made slightly convergent (prefocused), the vertical 
spot width can be reduced to 0-:05Y, with only an insignifi- 
cant decrease of the convergence angle, as has been verified 
experimentally. 

A convergence angle of the order of 30° or 0-Srad is quite 
unusual in cathode-ray electron optics; even projection tubes 


Fig. 3.—Focusing of parallel electron trajectories between an equi- 
potential phosphor screen and a scanning array at distance Y by 
a wave of base length Y/12, which discharges the array from the 
screen potential V to 0-25V. 
Focusing satisfactory in the zone between the 2nd and 4th ray from the left. 
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have convergence angles of, at the most, 0-OSrad. The reason 
is that, in the flat tube, the spot is carried along, as it were, by a 
short-focus cylindrical lens, close to the screen, while, in con- 
ventional tubes, the focusing is effected by the electron gun, at 
a large distance from it. 

This is the basic advantage of the flat tube in colour television, 
and Fig. 4 illustrates schematically how this advantage may be 
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Fig. 4.—Colour production by means of a shadow mask in the flat tube. 


The spacing between the phosphor screen and mask is sornewhat less than the 
spacing of the slits in the mask. 


utilized. A shadow mask, which is essentially a plane metallic 
structure with evenly spaced horizontal (or nearly horizontal) 
slits, is placed before the screen, which carries a system of 
phosphor strips in the three fundamental colours, red, green and 
blue, with one colour cycle per slit. The phosphor strips are so 
arranged that, at a certain angle of incidence, or near it, the 
electrons excite only one colour. 

This principle is well known, and has been widely utilized in 
existing colour tubes. The advantage of the flat tube is in the 
dimensions. In the conventional colour tubes, in which three 
beams produced by three separate guns converge at an angle of 
about 6° to one another, the distance of the shadow mask from 
the screen must be made about 4in. In the flat tube, with 
incidence angles between 30° and 60° the distance is 1/40in or 
even 1/50in. Therefore, while in the existing shadow-mask 
systems, the shadow mask has to be fixed, with elaborate pre- 
cautions, independently of the screen but in accurate register 
with its line or dot pattern, in the flat tube it becomes possible to 
fix it on the screen surface itself, thus eliminating all possible 
distortions of the mask. Moreover, it now becomes possible, 
for the first time, to stick the shadow mask on the screen first 
and produce the phosphor lines behind it in automatic register 
with the slits, by a simple method which will be explained later. 

There also exists a second possibility for exploiting the 
advantages of the flat-tube electron optics for colour production. 
It has been often proposed to use composite screens, formed by 
the superposition of three layers of colour phosphors, utilizing 
the different penetration of electrons of different energies for 
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differential excitation of the three colours. These suggestions’) 
failed for two reasons. First, it is practically impossible to focus) 
three beams with energies of, say, 5, 10 and 15 keV simultaneously 0 
on all points of a television picture. The electron-optical|| 
problem is not so difficult in a sequential system, but frame-|) 
sequential systems are ruled out by their bandwidth requirement. bi 
and a point-sequential system in which the gun, or a fine grid 

near the screen, is modulated with a swing of +5kV in point » 
sequence requires a high-frequency power supply of prohibitive|, 
size. Secondly, the effect itself is so impure as to be practically Es 
non-existent so long as powder screens are used, with the usual): 
grain sizes of at least a few microns, i.e. about the total penetra-|) 
tion depth of 15-30 keV electrons. 

The first difficulty does not arise in the flat tube. To a reason-) 
able approximation the penetration depth of a fast electron 
determined by its velocity normal to the surface. If the angle of ) 
incidence is @ the equivalent energy is Wcos* 6. If we assume}, 
that W — 20keV and the incidence angles of the three colour-| 
beams are 30°, 45° and 60°, respectively, this gives equivalent) 
(normal) energies of 15, 10 and S5keV, and the coincidence of © 
the three beams at the screen is, of course, ensured. 

There now exists at least a possibility that the second difficulty 
may also be overcome, since Feldman and his collaborators? 
have succeeded in producing grainless luminescent films by 
evaporation with very even thicknesses of the order of 1 microne 
and have successfully demonstrated a two-colour screen, in 
which both colours could be fully saturated by a voltage swing! 
of 4-8keV. These almost fully transparent screens have also! 
remarkable contrast; the picture can be viewed in a room illu- 
minated so brightly that a picture on a powder screen becomes); 
completely invisible. However, there are some serious dis-|) 
advantages. The present method is slow, since it requires} 
lengthy baking after evaporation at temperatures which require 
the use of quartz or Vycor glass. Moreover the luminous 
efficiency of the transparent layers is about one-fifth of that of a‘: 
powder screen of the same material, because the major part of 
the emitted light remains imprisoned in the thin layer, owing to!” 
its high refractive index. Nevertheless, a method of producing’ 
colour-television pictures without any shadow mask or other! 
structure before the screen, and which at the same time allows) 
pictures to be viewed in bright rooms, is too attractive to be 
dismissed out of hand, even if it gives an efficiency somewha 
lower than that of the shadow-mask method. 


(4) THE ELECTRON-OPTICAL REALIZATION OF COLOUR 
CONTROL 

The electron optics of colour control in the flat tube is ia 
trated in Fig. 5, which is a section of the tube in the symmetry) 
plane X = 0. It is best to look first at the left-hand side, in) 
order to realize the conditions imposed on the system. Thel 
central rays of the three colour beams, which will be called! 
principal rays, are shown to run vertically upwards, equally 
spaced from one another. They are then brought together by) 
the deflecting field of the array in a rather small spot. As was) 
mentioned before, this is not the ideal system, since slightly con-' 
vergent principal rays give a smaller spot, but this is of little’ 
importance, for two reasons. First, as is well known, only the 
definition in the basic colour green need be high; the red and blue 
pictures need not be equally sharp. This fact is taken into 
account by giving them narrower wavebands in the simultaneous 
system. One should therefore make the central ray green. But 
over-sharp focusing might give moiré effects with a shadow 
mask, if the spot were so narrow that it could be completely 
obscured by the mask. It is therefore better not to focus either 
of the beams too sharply, but to give them a final width at least 
equal to a period of the mask. On the other hand, in order to 
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Fig. 5.—Electron optics and colour control. 


*nsure colour purity, it is advantageous to let each colour beam 
de collimated in itself where it strikes the shadow mask, so that 
zach has a definite incidence angle. This is achieved, as shown 
n the Figure, by focusing the three beams not on the screen but 
2 little before it, and near the rear focus of the deflection lens. 

Defocusing for the avoidance of moiré effects does not mean 
i sacrifice of definition, because, as will be shown later, the 
shadow mask and the phosphor screen can be made with a much 
iner period than in other colour tubes. We have realized 
shadow masks with 50 lines/in (150 colour strips per inch) which 
zives nearly 400 lines in a tube with a 12in diagonal and about 
550 lines in a 20in tube. This would be sufficient for 625 trans- 
mitted lines for the first, and about 1000 lines for the second 
size, because, in interlaced pictures, the effective definition is not 
nore than about 60% of the nominal. 

We can now formulate the conditions to be fulfilled by the 
siectron-optical system consisting of gun, X-deflectors, reversing 
eas and collimator as follows. This system must launch the 
ncipal rays of the three colour beams vertically into the space 
’oween the screen and the array, in three predetermined equi- 
listant planes. These remain stationary during the scanning 
“9cess (apart from minor corrections for achieving optimum 
“avergence, which may be left out of consideration), while the 
oval points of the three colour beams slide down in them with 
b= speed of the frame scan. 

While the problem of colour convergence, which presents such 
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great difficulties in the known three-gun shadow-mask tubes, is 
solved almost automatically in the flat tube, the achievement of 
colour purity imposes stringent conditions on the perfection of 
the optics. We have made these conditions even more stringent 
by postulating from the start that the correction of electron- 
optical errors must not be left to the circuit engineer, as it is in 
conventional shadow-mask tubes (‘dynamic convergence’), and 
that the number of trimming devices corresponding to the 
numerous small correcting magnets now attached to the neck 
of colour tubes must be reduced to a minimum. Moreover we 
have set ourselves the task of making the magnetic screening 
good enough to avoid adjustments in situ, so as to reduce the 
servicing problem, which has proved such a hindrance to the 
spreading of colour television, and to avoid the necessity of 
using highly-stabilized power supplies. 

Fig. 5 shows how these conditions are met in the central, 
X =O, plane. The three-colour gun has three cathodes side 
by side, located in an insulating body, with a common heater. 
This feature makes it easier to use impregnated high-density 
cathodes in place of the common coated ones, and it also makes 
it possible to arrange another couple of cathodes spaced at 
right angles to the plane of the drawing. These may be used 
for the flyback, which requires a stronger current than the picture, 
and, apart from the saving in life time, such separate flyback 
cathodes have advantages from the point of view of the circuit 
engineer. 

The three cathodes face a common grid and a common 
accelerator. Modulation is achieved by applying the signals to 
the cathodes, not to the grid. The grid and the accelerator are 
both spherically curved, so that the axes of the three beams 
diverge from an intersection point, called the virtual cross-over. 
The grid apertures are preferably oblong-shaped or elliptical, with 
the major axis in the plane of the drawing. This is because the 
magnification of the cathode on the screen is smaller in the 
vertical than the horizontal direction, and hence, in order to 
achieve a round spot, the effective area should be elliptical. 

For the convenience of the circuit designer, all potentials used 
in the gun are either equal to the maximum or ultor potential 
Vin, or within 5% of V,, from the cathode potential. The 
first accelerator has a potential of 0-03-0-0SV,,, and emits 
three beams with axes divergent by a total of about 0-25rad. 
From this point onwards the gun is rotationally symmetrical. 
The beams enter an accelerating lens, consisting of a large- 
diameter tube which is called the ‘magnification control’ because 
the angular spacing of the three beams issuing from the gun can 
be controlled to a certain extent by varying its potential in the 
limits 0-0-05V,,. The other electrode of the accelerating lens 
is a small-diameter tube, containing a stop, which trims off the 
outer ‘halo’, and transmits only the inner portions of the three 
beams, not too wide to be handled without appreciable aberra- 
tions by the final lens. 

For the convenience of the circuit designer we are using a 
final lens of the usual single-lens type although it is well known 
that its spherical aberration is appreciably larger than what can 
be achieved in the same space by a lens of the accelerating type. 
Such a lens, if it is not made larger than usual, can handle one 
beam with fairly small spherical aberration, but not three 
divergent beams. We therefore found it necessary to insert 
between the stop and the final lens a ‘field lens’, also of the single- 
lens type, whose purpose is to produce an image of the stop in 
the middle of the central electrode of the final single lens, called 
‘focus control’ in the Figure. Thus the cross-section filled by 
the three beams in the last lens is not appreciably larger than that 
required for a single beam, and the aberrations become corre- 
spondingly small. There is, however, another important advan- 
tange achieved by this arrangement. As the second image of 
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the triple cross-over is in the centre of the final lens, variation 
of the potential of the control electrode of this lens will not 
affect the principal rays at all, but will only make the foci glide 
up and down on these rays which themselves remain fixed. This 
is just what is required by the optics of the flat tube in the screen 
region, as we have explained above. Once the principal rays 
are properly adjusted by the magnification control, they remain 
fixed, and only one potential, the voltage of the focus-control 
electrode, need be varied in accordance with the height of the 
writing spot, in the rhythm of the frame scan. 

One could derive this focusing voltage (in the limits 0-02- 
0-05V,,,) from a multivibrator synchronized to the frame signals, 
But as the self-scanning principle of the flat tube makes a field- 
scan multivibrator unnecessary, it would be wasteful to introduce 
it just for the focusing. Fortunately there is no need for it, 
as one can derive a suitable signal very readily from the scanning 
array itself, by coupling it capacitively with a vertical metal strip 
earthed through a suitable resistance. This will take on a charge 
opposite in sign and proportional to that of the array, so that 
its potential will follow a sawtooth curve of the right frequency, 
which can be directly used for focusing. 

The three colour beams leave the gun in slightly diverging 
directions and after passing the X-deflectors, not shown in 
Fig. 5, they enter the reversing lens, shown in a central cross- 
section. The reversing lens consists of three positive electrodes 
called the ‘spine’ and the front and rear side-plates, all three 
at V,,, and a negative, trough-shaped electrode called the 
‘repeller’ at cathode potential. A detailed discussion of it will 
be given in the next Section. For the present, it is sufficient to 
note the task set for the reversing lens. It must turn round the 
central ray by 180°, and must produce such a divergence or 
convergence between the two side rays that, after passing through 
the collimator, all three rays emerge parallel and vertical. The 
collimator is a positive, converging lens in the plane at right- 
angles to Fig. 5. In the plane X = 0 it acts as a diverging lens, 
and hence the principal rays must leave the reversing lens with 
a certain small convergence in order to be ultimately collimated. 
It will be shown later that, off the central plane, the divergent 
effect of the collimator decreases and changes sign, so that the 
reversing lens must, in fact, satisfy different conditions in different 
zones, 


(5) THE REVERSING LENS 


It can be understood from the foregoing explanations that the 
reversing lens is the most crucial device in the flat tube. Not 
only must it produce a family of principal rays to very exacting 
specifications, but almost the whole burden of correcting the 
focusing errors arising in the other electron-optical elements is 
thrown on it. We have refused to contemplate correcting 
electron-optical errors by suitable modulation of potentials 
(‘dynamic focusing’) in the belief that the simplification of 
circuit design will ultimately compensate for the time of develop- 
ment, which took over three years. 

This is the list of conditions imposed on the reversing lens: 

(a) It must rotate every principal ray issuing from the line deflector 
by 180° around a horizontal axis. 

(6) It must increase the deflection angle of every principal ray 
by a factor of about 4. This was dictated by considerations of the 
saving in line-scanning circuits, and also by the consideration that 
electrostatic deflection by more than about +20° would produce 
focusing errors which are almost unmanageable. 


(c) After these two rotations the principal rays must again be 
contained in a plane. 


(d) The final X co-ordinate must be a linear or very nearly linear 
function of the line deflection voltage. 
These four conditions relate to the principal rays (in the case 
of three-colour tubes to the central principal rays). The others 
concern the focusing properties of the system, relative to these 
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principal rays considered as curved optic axes, It is convenic 9 
to separate these into X and Y conditions, i.e. to focusing in t} 
plane of the principal rays and at right-angles to it. At tlh 
screen these turn into horizontal and vertical focusing condition i) 
respectively. It is proved in Appendix 12.2 that a ray which r 
originally in the plane of the principal rays remains in it po’ 
manently, and that a ray which departs from a principal ray }) 
the direction at right-angles from this plane remains permanen’ 
in a strip at right-angles to it. In other words, there is no ske 
ing of axes in the first-order approximation, which is a gre 
advantage of electrostatic systems as compared with magne: 
ones. , 

(e) At a set focus of the electron gun, the X-focus must reméj 
permanently on a horizontal line, so that no ‘dynamical’ adjustme 
of the gun potentials is required during a line scan. _ 

(f) In the Y-direction the second-order aberration of narr¢ 
pencils centring ona principal ray must be zero. This condition mt / 
be imposed not so much in order to improve the vertical focus » 
the beams, which is almost automatically of good quality, but in orc) 
to ensure that the red and blue colour axes are equidistant at the t) 
sides of the green axes. ; a 

(g) The third-order Y-aberration must be as small as possib 7 
This condition is important chiefly because, since space is restricte! 


. 


it is desirable to make the dimensions of the reversing lens in t)) 


hence it is necessary to fill a considerable part of its aperture w:) 
electrons. 

(A) In the Y-direction the reversing lens, in tandem with t 
collimator must (i) focus the cross-over of the three colour axes. 
the gun at infinity, i.e. turn these axes into parallel lines whi’ 
(ii) must have the same spacing independently of the X-deflectic) 


This double condition is the most exacting, and it was the mc 
difficult to meet. Once realized, it has several important adval) 
tages. If condition (/)(i) is met the field lens in the gun can | 
set once and for all, i.e. the cross-over can be fixed without a) 
‘dynamic’ adjustments. If (A)(ii) is met, the same applies » 
the magnification control, which regulates the spacing of tile 
axes. The complex of the three colour beams will have exact. 
the same configuration at every point of the picture, so that t 
colour strips have the same relation to the slits in the shadch 
mask all over the picture and no complicated ‘grouping’ of ti 
phosphor areas is necessary to compensate for varying angles }/ 
incidence as in other colour tubes. 

Moreover, once a reversing lens satisfies conditions (A)(i) ai) 
(ii) it meets also, with sufficient accuracy, the equally importa}: 
condition that no dynamic correction need be applied to t/ 
focusing electrode of the electron gun during a line scan. ; 

We could list as a tenth and last condition the requirement th) 
the reversing lens must operate irrespective of fluctuations of t 
voltage supply. This condition is exactly satisfied with gri 
modulated guns, since the reversing lens is a unipotential systes) 
with electrodes which are either connected with the cathode, }) 
at ultor potential. It is not exactly met in the case of catho! 
modulation, which has considerable advantages for the gi. 
design, but we have found that, with a grid base of not me) 
than 0:5% of V,,, it is sufficient to keep the repeller at the me 
cathode potential. 

Instead of discussing conditions (a)-(h) in the order in whi 
they are listed, it will be more convenient to follow the line whi’ 
we took in the development. We started from the central pla’ 
X = 0, and after having obtained suitable electrode profiles 
this plane, we proceeded outwards. 

Fig. 6 is a cross-section in the central plane of a reversing lei) 
showing the equipotentials and a set of electron trajectories. 
started, as first approximation, with cylindrical fields (indepe 
dent of the co-ordinate at right-angles to the drawing) which ¥ 
obtained from electrolytic tank plots, and after having obtain 
a satisfactory cross-section, applied the rather small correctio 
to the field which arise from the curvature of the lens. In the 


ig. 6.—Electron trajectories in the central cross-section of the 
reversing lens at telescopic adjustment, showing positive third- 
order aberration. 


eld maps we plotted the electron trajectories with a tracing 
wiley of the kind described by Gabor* and Hollway>® but not 
5 automatic one. 

_A reversing lens, consisting of the central positive electrode 
wed the ‘spine’, the two positive side-plates and the negative 
*peller can be made convergent or divergent by varying the 
istance of the repeller from the positive electrodes. It is 
itvergent if the distance is small, and convergent if it is large. 
ig. 6 illustrates the position in which the lens is telescopic, i.e. 
1 which it converts a parallel incident pencil of rays into a 
arallel outgoing pencil. 

Making the cross-section symmetrical to a vertical (Y = 0) 
xis brings with it an automatic advantage. There must exist 
‘it (within certain limits of design) a trajectory such that it cuts 
de vertical-symmetry axis at right-angles and runs asymptotically 
arallel to it, at equal distance from it at both sides. It was one 
f the first objectives of design to bring this special trajectory, 
hich can be considered as a curved optic axis, into a con- 
enient position near the centre of the clearance between the 
ine and the positive electrodes. 

When the lens is telescopic it is easy to see that this curved 
xis has a property similar to that of the straight optic axes in 
ylindrical electron lenses; narrow pencils close to it have no 
‘sulting second-order error, i.e. they are symmetrical at the 
“it if they were symmetrical at the entrance [condition (/)]. 
his can be easily understood from the fact that the optic axis 
ttersects the vertical-symmetry axis at the lowest point; all other 
ajectories intersect it higher up. There is therefore a strong 
cond-order error at and near the focus. This is an advantage 
om the point of view of space-charge effects, because at this 
pint the electron beam passes through its lowest potential, and 
igh concentration might lead to defocusing. It is also an 
ivantage that the focus is a line focus, and not a point one. 
itimately, however, the second-order error cancels out. Ina 
"Aciently narrow bundle, two trajectories parallel and equi- 
stant to the optic axis at the entrance, at both sides of it, will 
ifersect the vertical-symmetry axis in the same point, and at 
yal and opposite angles to the horizontal. Since the lens is, 
¥ assumption, telescopic, the rays will leave the lens parallel 
) 1€ optic axis and at equal distances from it, because the outer 
aectory at the right-hand side continues at the left as the 
"or image of the inner trajectory and vice versa. 

“here exists an optic axis in this sense also for reversing lenses 
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which are convergent or divergent, but the property is not so 
easy to understand, because there is then no left-right symmetry 
in the trajectories, and the optic axis will not necessarily turn 
round by exactly 180°. One can then meet the two conditions (a) 
and (f) together by giving the incident beam a small deflection, 
e.g. by applying a small voltage difference between the rear 
positive electrode and the central spine, or by skewing the 
repeller a little. By using both means, one can then place the 
outgoing beam both in the right position and in the right 
(vertical) direction. 

Not only must the curved optic axis with zero second-order 
error be in the right position, but the third-order error must be 
small. The third-order error is of the type of the common 
‘cylindrical aberration’. One can analyse these errors in the 
way illustrated in Fig. 7, in which the emergence angles dy/dz 


Beam inclination gy. rad 
() 
oO 
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Fig. 7.—Inclination of the rays at the exit plotted against the position 
at the entry, at parallel incidence, for several gaps in the central 
cross-section of a reversing lens. 


are plotted against the distance yg from the vertical symmetry 
axis at the entrance, for a family of lenses differing in the gap 
widths G. A point of inflection indicates the position of the optic 
axis, an upward slope at this point meaning a divergent lens, and 
a downward slope a convergent lens. The departure of a plot 
from a straight line, so far as it is expressible by a cubic parabola, 
represents the third-order error or cylindrical aberration. This 
has been found remarkably independent of the gap width g, 
and hence it is essentially given by the electrode shapes, inde- 
pendently of their adjustment. We have carried out graphical 
tests on a great variety of shapes until we adopted the profiles 
shown in Fig. 6. These remained unchanged throughout two 
further years of development until we found, quite recently, that 
the third-order aberration can be appreciably reduced by using 
a T-shaped instead of a U-shaped central positive electrode. * 
Meeting the conditions outside the central plane X =—0 
required considerably more work. We were faced here with 
3-dimensional electron-optical problems, and 3-dimensional ray 
tracing in electrostatic fields, although feasible, is very time- 
wasting. Mathematical analysis was used to some extent for 
exploration in advance, but only in broad outlines; all quanti- 
tative material was collected from experiments on models in 
demountable tanks, one of which is shown in Fig. 8. This was 
equipped with movable luminescent screens, allowing the accurate 


* This was obtained in co-operation with M. C. S. Upadhyay on leave from the 
Indian Institute of Science, Bangalore. 
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Fig. 8.—View of one of the demountable vacuum tanks in which the 
electron optics of the flat tube was developed, showing a movable 
phosphor screen and a repeller suspended in a frame with four 
degrees of freedom. 


location of the electron rays before entering the reversing lens, 
and after leaving it. Guns with pepperpot apertures were 
used in many of these experiments, so that a principal ray and 
its accompanying pencil of rays could be tracked simultaneously. 
The tanks were fitted with means for moving the electrodes about 
without breaking the vacuum, and in some cases also for 
deforming them. Up to eight independent movements were 
used in some experiments. Even with these powerful aids 
almost 100 electron-optical arrangements of deflectors, reversing 
lenses and collimators had to be measured out, singly and in 
combination, before all the requirements were satisfied. 

Condition (4), which relates to the magnification of deflections 
by the reversing lens, is illustrated in Fig. 9, which shows the 
projection of the family of principal rays on the picture plane 
(XZ-plane) traced from the line deflectors, with deflection centre 
C, through the reversing lens and collimator. The straight 
tangents of all rays have been measured and the curved portions 
are interpolated. 

We specify the optical properties of the reversing lens for the 
family of principal rays by means of two curves. One is the 
intersction line I-I, in which the initial and the final rays inter- 
sect. Experience has shown this to be a very nearly straight line 
in almost all reversing lenses. The second curve is the envelope 
of the final rays, mMm, which is a curve with a cusp. In order 
to construct the final ray corresponding to any initial rays 
passing through the deflection centre C one has only to extend 
this to I-I and draw a tangent to mMm from the intersection 
point. There is also a second curve which one can use for the 
specification, i.e. the envelope o—O-o of the bisectors of the 
original and final rays. This again is a curve with a cusp O. 
The interest of this curve lies in the fact that, in all reversing 
lenses with otherwise rather widely differing properties in which 
the spine and the bottom of the repeller trough were concentric, 
the experimentally found bisector centre O coincides very 
accurately with their centre. This, of course, would have to be 
exactly the case if all the electrodes were coaxial with an axis 
passing through O at right-angles to the plane of the drawing, 
because, in that case, there would exist an exact angular-momen- 
tum integral relative to this axis, and hence the bisector would 
have to pass through it. The experiments have shown that this 
emains true to a good degree of approximation in reversing 
lenses in which only the two profiles shown in the drawing are 
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Fig. 9.—Projection of the principal rays on the picture plane. © 
C is the centre of the X-deflection system. ; 


concentric, while the profiles of the positive plates, for instane: 
are far from coaxial. This property will now be used in) 
practical theory of X-focusing, illustrated in Fig. 10. | 

In this theory it is assumed that a narrow pencil of rays inti 
secting I-I near a point P will be ultimately reflected, as it wey 
from an equivalent cylindrical mirror passing through P with }) 
axis passing through O on the envelope of bisectors. Tl 
means that we assume that an angular-momentum integy 
exists relative to the axis O’, not only for the principal rays, t 
also for all other rays sufficiently close to them. This is certai 
a reasonable approximation, and appears to be well support) 
by experiment. 

Using the well-known laws of reflection on a cylindric 
mirror, we can now work out the locus of the points F in whi 
the pencils coming from the deflector must be focused if th 
are to be collimated after reflection. It is seen that this loc 
the line FF, is a little inside the circle drawn concentric with | 
with means that one can allow a certain small amount of defile 
tion over-focusing. We will return to this question later. 

It is shown at the right-hand side what happens to th 
collimated pencils after emerging from the reversing lens. TT’ 
collimator is, by definition, so dimensioned that it turns eve 
principal ray into a vertical line. This is equivalent to i 
statement that every narrow sector of the collimator has its re 
focus at C’, the line in which the principal ray is tangential to t 
M-line. One can consider C as the image of the deflecti 
centre C formed by the reversing lens, but by principal rays on’ 

It is therefore legitimate to replace the collimator in eve 
narrow sector by a small prism, which accounts for the rol 
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Hig, 10.—Illustrating the theory of the correction of the X-errors 
produced by the X-deflection system by the reversing lens and 
collimator. 


of the principal ray, plus a small condensing lens with its rear 
focus in C’, both prism and lens being located in the somewhat 
curved line in which the initial and the final principal rays 
‘ntersect. It follows that, if a collimated narrow pencil falls in 
the collimator, it will be focused on a vertical line, in a point F’ 
which is at the same distance from the collimator curve as this 
is from C’. It so happens that the combination of the M-line 
and the collimator line results in a practically straight and 
horizontal locus for the final X-foci F’. This is a rather for- 
tunate circumstance, because the collimator curvature was 
originally arrived at from different considerations. 

- This Figure only shows that the locus of the X-foci can be 
straightened out for a certain scanning line, near the middle 
neight of the picture. Other loci will not be perfectly straight, 
but no excessive accuracy is required, as the convergence angle 
of the beams in the XY-plane is rather small. This is a con- 
sequence of a general theorem of optics, which states that, ata 
ziven refractive index (given electron energy), magnification of 
an image in a ratio M has to be paid for by a reduction of the 
2onvergence in the ratio 1/M (see Appendix 12.2). By means 
of the reversing lens we have magnified the X-dimensions in 
such a way that, with a primary deflection of about +15°, we 
>an cover an image, say 12 in wide, with a longitudinally strongly 
shortened system. Because of this optical theorem, the con- 
vergence angle will be the same as if we had obtained the image 
lirectly, i.e. by placing the deflection centre about 24 in from the 
tage. The somewhat surprising fact should be noted that, from 
“« same theorem, the convergence angle will not change at all 
waile the scanning sweeps from the top of the picture to the 
x<ttom. The same applies, perhaps more obviously, to the 
“avergence angles in the YZ-planes. Therefore, in principle, 
i’ image points in the flat tube can have the same quality and 
4: same spot size. Inaccuracies in the realizations and aberra- 
icas will, of course, in general favour the areas near the bottom 
). the picture. 
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It is now opportune to explain that the term ‘lens’ can be 
legitimately applied to such an unusual structure as the reversing 
lens. It is indeed a lens, but with a one-dimensional field; it 
images the line FF with a stop at C at infinity. The term would 
have been less legitimate if this imaging had been obtained by 
“dynamic focusing’, since the line FF could not then have been 
simultaneously imaged. 

It is clear from Fig. 10 that an exactly straight locus of X-foci 
can be produced only if the deflection over-focusing has a certain 
positive, but very small, value. We must now explain how we 
have achieved this by suitable shaping of the line deflectors and 
the consequences this has for the remaining design problems of 
the reversing lens. 

It is well known that the cylindrical electrode pairs used in 
cathode-ray tubes have considerable deflection over-focusing. 
If @ is the deflection angle, the effect is as if, in addition to a 
prism which achieves the deflection, the deflector contained a 
positive lens with a focal power 


fp, =A 


where A, is the coefficient of deflection astigmatism in the 
x-direction. Its value in not too long deflectors is approxi- 
mately 2/L, where L is the length of the deflector plates. For 
6 = 15°, f, is about 8L, but for 9 = 30° it drops to 2L. More- 
over, the deflecting voltage required increases approximately as 
67, because the plates must be spaced apart, about proportionally 
to 0. This is the reason why television tubes with electrostatic 
deflection dropped out of the race 20 years ago when the shorten- 
ing of television tubes started. 

For economy in the deflecting voltage we have limited the 
maximum deflection of 6 = + 15° which can be achieved with 
about +0-1YV,,, or 0:2V,, (peak to peak). But even at this rather 
small angle, the deflection over-focusing is almost ten times 
larger than that required by optimum X-focusing, as illustrated 
in Fig. 10. However, in the flat tube the deflectors are used for 
one direction only (for the line scan), and they need not therefore 
be cylindrical. As was first shown by Recknagel,® for a deflect- 
ing system of given length which is non-cylindrical, we have the 
relationship 


(A, + A,) > 2L 


and the minimum can be very closely approached. We can 
therefore exchange focusing in the direction of deflection, x, for 
focusing in the direction, y, at right-angles to it. In particular, 
we can eliminate the deflection over-focusing altogether, at the 
cost of additional focusing in the y-direction. 

Fig. 11 illustrates a series of deflecting systems which have 
been investigated, and from which we have made our final choice. 
The cylindrical system (a) is useless, because of its strong 
deflection astigmatism, and also because, in the restricted space 
available in the flat tube, it does not provide sufficiently safe 
screening from external fields. System (5) provides good screen- 
ing, but its effect has the wrong sign, the X-focal power is 
enhanced, and negative Y-power is produced. We experimented 
with this design at a time when we had difficulties in meeting 
conditions (A)(i) and (ii). The negative Y-power of the deflector 
had the right sign for compensating the errors of the early 
reversing lenses, but the X-errors were inadmissible. Finally we 
chose (c), which has shallow channel-shaped deflectors, covered 
top and bottom with plates at mid-potential. This could be 
dimensioned so as to reduce A, to a small fraction of the value 
2/L, or even to zero. At the same time A, becomes rather 
large, but this is an aberration small enough to be compensated 
by the reversing lens. 

We have explained how the reversing lens must be designed 
to compensate for the X-errors all over the field. This is mainly 
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Fig. 11.—Three varieties of X-deflection system. 


(a) Parallel field. Focusing in x direction only. 
(6) Channel-shaped deflectors, overfocused x-wise. ‘ 
(c) Almost open channel with plates at top and bottom at middle potential. 


a matter of the two profiles (spine and repeller bottom), shown 
in Fig. 9. As these were fixed by the condition of magnification 
of deflection angles, the burden of compensation had to be 
, thrown on the line deflecting system. We have also explained 
how the central cross-section of the reversing lens had to be 
designed to satisfy all conditions in the symmetry plane X = 0, 
It remains now to design the cross-sections off this plane in 
such a way as to satisfy condition (c) and conditions (A)(i) and 
(ii), to which we will refer briefly as the Y-conditions. They 
state that at every deflection angle, 0, the three principal colour 
rays must be ultimately vertical, and moreover keep equal 
distances from one another, independently of 0. 

These were the most difficult problems, because they are 
3-dimensional. Jn order to make them amenable to analysis 
we experimented for some time with reversing lenses which were 
at least approximately rotationally symmetrical with respect to 
the axis O of the repeller bottom. In such systems we could 
adopt a modified method of ray tracing, with an equivalent 
potential taking account of the momentum integral, i.e. including 
the centrifugal force. In order to simplify the problem, sym- 
metry around the Y = 0 plane was also retained, at least in 
shaping the repeller. We soon found that it was necessary to 
make at least the rear and front positive plates different in order 
to meet condition (c), i.e. achieving a plane central ray surface. 
However, all models failed to satisfy the condition (h). Without 
exception they acted as convergent lenses at the sides when the 
central (X = 0) cross-section was made telescopic. 

We could make headway only after abandoning rear-front 
symmetry altogether. The successful reversing lenses have only 
one symmetry plane, ¥ = 0. The essential step was the recogni- 


tion that the optical symmetry, which in the X¥ = 0 plane if 
achieved by geometrical symmetry, could be achieved off thi 
plane only by abandoning geometrical symmetry. The success}. 
ful semi-empirical design method which was adopted is explainec|, 
in Appendix 12.2, which also contains the detailed design dati 
of reversing lenses. Briefly the method consists in dividing uy): 
the trajectory into sections, and, taking into account the difference, 
between the electrostatic potential and the effective potential), 
due to the inclination of the trajectory to the normal plane Oo} 
the cross-section, imitating for every trajectory as exactly a) 
possible the dynamical conditions in the central cross-sectio1 
X =0. This method proved so successful that the first repelle}) 
design pre-calculated by this method could be used in all subse): 
quent experiments. Only relatively minor modifications wer 
required, which could be met by varying the radii of curvatur): 
of the front and rear positive plates. 
The first successful model of the reversing lens was designe: 
to operate with an ideal collimator, and its data are given iil 
Appendix 12.1.* An ideal collimator is one which rotates al 
principal rays into the vertical, but which has either no Y-focus 
ing effect, or one which is constant over its whole extension. A 
real collimators are far from ideal in this respect, the design ca: 
be used only for monochrome television tubes, but it also ha 
considerable interest should the flat design be adopted fo 
oscillograph tubes, without a collimator. An oscillograph wit” 
120° electrostatic deflection angle, in the form of a shallow box 
has now become possible as a by-product of our development 
In the flat tube with a ‘unipotential’ reversing lens the negativ 
trough has the largest depth of all elements, and thereby deter 
mines the thickness of the tube. Recently we have achieved / 
further reduction of the overall thickness, by introducing a 
electrode at an intermediate potential, as shown in Fig. 12. I 
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Fig. 12.—Space-saving realization of the reversing lens. 
The intermediate electrodes are frustro-conical strips with 45° semi-angle. 


this ‘space-saving’ design the positive electrodes (at a potentiz ‘ 
V,,) are the same as before, while the repeller is replaced by / 
two-electrode structure. This consists of the cylindrical repelle: 
bottom, at cathode potential, and of the intermediate electrode. 
which consists of two frustro-conical metal strips, connected b 
two bridges at the ends. These are shaped, on the basis ©! 
experiments in the electrolytic tank, in such a way that, whe) 
the intermediate electrode is at a potential 0-1-0-05YV,,,, the fiel 
in the space utilized by the electrons is the same as with one 
our well-tried repeller troughs. The screening effect provide 
by the conical strips is sufficient to make the field inside ver 
insensitive to potentials outside this structure. Fig. 12 als 
shows the new T-shaped spine, which represents a great impraay 
ment in third-order aberrations over the previous U-shape. j 
We have not so far mentioned condition (d), which is tk 


* The development is described in full detail in Reference 7. 
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Fig. 13.—Line-scan deflector characteristics. 


postulate that the final horizontal excursion X shall be as nearly 
as possible proportional to the deflecting voltage, because almost 
aid our models happened to meet this very satisfactorily. Fig. 13 
shows the deflection/deflecting-voltage characteristic of our latest 
system. It is slightly less than proportional at the marginal 
deflections. It could be made exactly linear by several methods, 
for instance by giving the spine profile a fourth-order correction, 
so that outside it bends a little stronger than a circle. We have 
produced a machine for this purpose, and made some experi- 
ments, but we believe that although an exactly linearized scale 
might be of interest for instance in a precision oscillograph, in 
television tubes where only one deflecting frequency is used the 
small correction for linearity can be left to the circuit designer. 


(6) MAGNETIC COLLIMATOR 


The collimator was not foreseen in the original conception of 
the flat tube in 1952, but it became a necessity when the self- 
scanning principle was introduced. It has also the advantages 
that it makes complicated ‘grouping’ of the colour areas unneces- 
sary, it evens out the spot size over the whole picture area, and 
makes it unnecessary to use trapezium correcting circuits. These 
advantages are worth the complication of using a magnetic 
device in an otherwise purely electrostatic electron-optical system. 

The collimator is a ‘strong’ lens, i.e. it uses a first-order effect 
dinear in B), instead of a second-order effect (quadratic in B). 
[t fully deserves to be called strong, because its aperture is 
about f0-5. 

The purpose of the collimator is to rotate any ray with deflec- 
tion angle @ into the vertical. It must therefore have a transverse 


field B, such that 
ds e 
—=— i — 0 
| Rm es 


for any trajectory, where R is the radius of curvature. This 
tnerefore requires a field such that the integral of the transverse 
te'd along the trajectory (or the flux across a strip of unit width 
‘lowing the trajectory) is proportional to the angle of entry. 
Sech a field can be produced in various ways. The first colli- 
wator was a magnetic frame with a long, narrow window, one 
5: * of which carried an even winding. This was abandoned, 
cause it gave appreciable aberrations, and hardly any possi- 
» ities for correcting them. The type finally adopted is shown 
1 Fig. 14 and the trajectories are shown in Fig. 9. 


Fig. 14.—Magnetic collimator. 


The collimator consists of four magnetic pole-pieces, joined by 
two cores carrying windings. The shape of the pole-pieces is the 
result of many experiments. Starting from a simple triangular 
shape they were gradually trimmed down, until the collimation 
was perfect. It was found necessary to bend out the finely 
tapering ends in the way shown, approximately in the shape of 
equilateral hyperbolae. In this central region the field passes 
through zero and changes sign. To avoid hysteresis the pole- 
pieces are preferably made of a highly permeable material with 
low remanence, suchas Permalloy C. There is no need to avoid 
saturation; on the contrary, 50% saturation has great advantages. 
The focal power of such a strong lens varies as J/V'/2 where J is 
the magnetizing current and V is the potential to which the elec- 
trons are raised, whereas the focal power of an ordinary weak lens 
varies as 17/V. In both cases it is therefore necessary to increase 
the current by 4% if the accelerating voltage varies by 1%. This 
is easily achieved if the magnetic circuit has 50% saturation at the 
Operating point. We can then derive J proportionally from the 
tube voltage. 

The condition of collimation can be met for a given reversing 
lens by a variety of collimators, but not all are equally suitable. 
It is shown in Appendix 12.3 that a magnetic field which colli- 
mates the rays in the XZ-plane has unavoidably a focusing effect 
at right-angles to this plane. In the symmetry line, X = 0, the 
Y-focusing effect will be exactly as strongly negative as the 
X-focusing effect is positive. Moreover it is shown that the 
negative Y-focusing effect necessarily decreases with increasing 
distance from the symmetry line, changes sign, and then becomes 
increasingly positive. There is no possibility of avoiding this 
effect; we can only reduce it by making the collimator pole-pieces 
broad, i.e. making the deflection very gradual. There are, 
however, limits to this broadening, as there is only a restricted 
space available for the collimator, and moreover the deflection 
sensitivity decreases if the collimator extends too near the 
deflection centre C’. 

Therefore, a compromise had to be struck, which, of course, 
threw a further burden of compensation on the reversing lens, 
of the type which for a long time we found so difficult to produce, 
i.e. the reversing lens had now to be convergent in the Y-sense 
in the X =O plane, and become gradually more and more 
divergent outside it. 

Fortunately this could be met, after considerable further 
experiments, by three simple modifications. The radius of 
curvature of the front positive plate was reduced from 250 to 
150mm, and the rear radius from infinity to 110mm. _ Finally 
the cross-piece of the new T-shaped spine, instead of being a 
straight rectangular strip, is now bounded by two nearly parallel 
curves, in such a way that, while the central cross-section is 
symmetrical, at the two ends the cross-piece is closer to the 
exit than the entrance side by about 5mm. This proved an 
effective method for evening out the ‘axis spacing’ and for 
producing three plane ray surfaces, as required in the colour tube. 
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(7) TOLERANCES AND TRIMMERS 

It is natural to ask whether a complicated structure like the 
reversing lens, which is specified by not less than 13 essential 
data can be realized with reasonable manufacturing tolerances. 
But it must first be made clear that the difficulty of developing 
satisfactory models had little to do with accuracy. It was 
difficult enough to find the right point in universes with 4-6 
dimensions, but the steps which led to it were, by no means, 
small. For example, it takes a change of about 2% in the 
curvature of the profiles of the front or rear positive plate to 
produce a noticeable departure from straightness in the principal 
ray surface, i.e. one which dips or raises the sides by 1 mm against 
the middle in a picture width of 250mm. It happens that just 
those dimensions which were the most difficult to ascertain allow 
the widest limits in tolerances. 

Starting with the gun, and using jigs and mandrels similar to 
those used in manufacture, we did not experience any difficulty 
in making guns which produced three coplanar and equidistant 
colour beams with a cross-over in the centre of the stop. We 
gave considerable attention to the alignment of the deflector 
system, so that it produced plane ray fans instead of conical ones, 
and regularly succeeded in obtaining planes with unmeasurably 
small curvature. 

In order to be certain that the experiments are not marred by 
inaccuracies, we used, for some time, spines and repeller troughs 
made by electroforming from accurately machined models, but 
later we succeeded in obtaining completely satisfactory results 
with all parts of the reversing lens made from sheet metal, 
0:008-0:015in thick. All electrodes were made of non-mag- 
netic (44-56) nickel-copper alloy, with the exception of the spine, 
which is made of Permalloy C to screen off the stray field of the 
magnetic collimator. There were, however, occasional diffi- 
culties owing to the imperfect shape of the repeller bottom, and 
there may be an advantage in having this part made by electro- 
forming or by chemical deposition. 

On the other hand, considerable accuracy is required in 
aligning the positive electrodes of the reversing lens with the 
repeller. It was found experimentally that a 1° tilt in the 
repeller causes an angular change of 4:5° in the emerging ray. 
In a colour tube it is desirable to keep the ray within +0-5mm 
of the best position, and hence with a distance of 10in from the 
I-line to the top of the picture the permissible angular error is 
only about +1/8°, which makes the tolerance in repeller tilt 
about +1/40°. If the repeller trough is imperfectly centred with 
respect to the positive electrodes, the outgoing angle changes by 
about 3-5° for 0-040 in shift, and thus little more than + 0-001 in 
tolerance can be allowed in centring. 

Such accuracies cannot, of course, be achieved in sheet-metal 
work, and we have therefore, from the start, foreseen the neces- 
sity of small electrical corrections by ‘trimmer’ electrodes. 
There are altogether five parameters which may require small 
corrections. Three of these relate to the position of the principal- 
ray plane (the central principal-ray plane, in the case of colour 
tubes). They are, in turn, the position of this plane (a parallel 
shift), a tilt around a horizontal axis and a tilt around a vertical 
axis. The first two can arise by misalignment of the repeller 
relative to the positive electrodes, and have already been referred 
to. The third can easily arise by a twist of the repeller around 
its longitudinal X-axis. The first two require for correction 
two Y-deflecting electrodes, deflecting in the Y-direction, both 
with d.c. bias. The third correction can be easily achieved, 
without using a further electrode, by applying to one of these 
‘trimmer’ electrodes a voltage proportional to the line-scanning 
voltage. 

An error in the spacing of the repeller from the positive elec- 
trodes will not only change the angular position of the central 
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ray plane, but will also produce a slight divergence of the re ? 
and blue ray planes from the central (green) plane, whic) 
ought to be parallel. In the previous models with ‘unipotentia| 
reversing lenses this was corrected by a small voltage applied 1) 
the repeller. In the new model it is more convenient to apply th é 
correcting voltage to the intermediate electrode. 

The fifth and last correction, which may not be necessary if tt}! 
sheet-metal work is of sufficiently high quality, is the correctic 
of a small conical curvature of the principal-ray surface. Thi 
too, can be achieved without a ‘dynamic’ correcting voltag | 
(i.e. one proportional to the square of the X-scan voltage): 
simply by using a third trimmer electrode, with a parabol/ 
instead of a straight edge, to which a suitable d.c. bias is applie: 
It may be mentioned that even a cubic error, i.e. a departui’ 
from a plane proportional to the cube of the X-deflection, coul)s 
be corrected by applying to such a quadratically-shaped trimm 
electrode a voltage proportional to the X-scan, but it is m 
expected that this will be necessary. For the last-mentione)) 
corrections we use the rear positive plate, which has, for othi 
reasons, a parabolically-shaped edge, so that only two trimm« 
electrodes need be specially provided, one near the gun and thy 
other immediately below the phosphor screen. | 

} 


(8) TECHNOLOGICAL FEATURES OF THE TELEVISION N) 
TUBE } 
A development carried out in a University laboratory cann 
be expected to give complete solution of all the problems whic 
may arise in the manufacture of such a typical complicated ma 
product as a colour-television tube. Nevertheless we had to pe- 
considerable attention to these, because, once the elect 
optical problems are solved, the commercial chances of the tut) 
depend entirely on its ease of manufacture and reliability i) 
service. 
The flat tube raises manufacturing problems mainly by reasc 
of two of its new elements; the scanning array and the shado}|: 
mask fixed on the phosphor screen, but also by its flat scree 
and box-shaped envelope. These will now be discussed in tur) 


(8.1) The Scanning Array 


In the course of the development we tested a number ¢: 
different designs for the array. These became gradually simpk 
rather than more complicated, because, in the original desigi}: 
the array conductors were continued into the shadow mask, an). 
hence they had to be very fine and very closely spaced. Or 
design consisted of metal tapes stretched between glass rods 1!) 
which they were superficially fused. Another was a fabric i) 
which the warp consisted of metal tapes, while the weft was) 
mixture of glass fibres and fibres of sodium-ammonium alginati 
The alginate fibres made it possible to handle the fabric until | 
was fixed between supports, but these were ultimately soe 
in hot water, leaving enough glass fibres to hold the conducto?. 
in position. A third design was essentially the same as thi 
described in the next Section, but with the difference that tk 
metal tapes were crimped around glass fibres. 

Considerable simplification became possible when the scannit 
array was separated from the shadow mask, and the present sel ’ 
scanning principle was introduced. It now became possible 
operate with 60 to 120 conductors in the scanning array, ins 
of 400 or more. At that time, in 1954, we became aware of th 
excellent insulating qualities of silicone-coated glass fabrics, ar. 
found that fabric coated with the silicone resin MS994 could t 
completely outgassed in vacuo at 400°C with only modera’ 
disintegration. On the other hand, it is a disadvantage « 
silicones that they cannot be easily cemented to metal, ar 
hence we could not follow the obvious course of producir 
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rrays by sticking printed circuits to silicone-glass cloth. A few 
uch arrays which we have produced were useful for our experi- 
rents in demountable vacuum, but they could not be trusted to 
esist the baking process in sealed-off tubes. At that time an 
ngenious process for producing printed circuits by evaporation 
ad just been invented, and we obtained a number of scanning 
trays, which consisted of a base of silicone-coated glass fabric, 
m which the whole pattern was deposited in the form of evapo- 
ated silver, backed by nichrome. With these we achieved our 
irst successful self-scanning experiments. 

It is questionable whether it would be wise to introduce such 
novel device as the flat tube with silicones as insulators, which 
re, as yet, almost entirely untried as high-vacuum materials. 
n fact, they require long outgassing, in the course of which they 
re likely to form insulating deposits on the walls and electrodes, 
inless they have been pre-baked in vacuum or in an inert gas. 
Therefore, although we still consider the silicone-based printed 
ircuit made by this method to be a very interesting proposition, 
ve have also recently considered less revolutionary array designs. 
Jne is the self-supporting array shown in-Fig. 15. If fairly thin 
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Fig. 15.—Self-supporting scanning array, of metal tape. 


The beam scans down in the right-hand loop, and runs up in the left-hand loop, 
which contains a screen grid at ultor potential (not shown). 


apes, 0:125in x 0-005in, of nickel-copper alloy or Nichrome 
ire drawn to a semi-circular cross-section they become stiff 
nmough to support themselves between two insulators placed 
Oin apart, with 12 conductors to the inch, i.e. about 80 for 
. 12in-diagonal tube. At the right-hand side, at which the 
eam has to discharge the array, the tape is bent into a roof- 
hape. This was adopted because, in previous experiments, 
onsiderable difficulty was experienced with secondary electrons, 
vhich cascaded down the array and spread out the wavefront. 
Nith the shape now adopted the secondary electrons will get 
nly as far as the next conductor. At the left-hand side, where 
he electrons have to recharge the array with the aid of a screen 
rid at ultor potential, not shown in the Figure, the conductors 
re plane vertical strips. 

't was mentioned, in connection with the self-scanning 
venciple, that the good secondary yield at 10keV electron 
ergy or more, which is required for the frame flyback, appeared 
® present a serious difficulty, until it was recognized that 
“lished surfaces had far higher sticking potentials (second 
t ss-overs) for electrons incident at small glancing angles than 
» normal incidence. Fortunately the arrays produced for us 
#1a silyer surface (on Nichrome backing), because silver is a 
v tal very suitable for evaporation. Like all pure metals, it is 
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a poor secondary emitter, and we intended to replace it later by 
an oxidized silver-magnesium alloy which is known to have a 
sticking potential at 12-15keV. But, to our great surprise, the 
flyback mechanism was still operating satisfactorily at 8kV (the 
highest voltage which we then tested). We realized that this 
was much more than the obliquity effect, and was due to the 
fact that, after a few days exposure to the London atmosphere, 
silver is coated with a uniform layer of silver sulphide, which is 
an excellent secondary emitter. Thus, so far, we have found no 
need for any of the special surface treatments which we intended 
to apply. 


(8.2) The Shadow Mask and the Phosphor Screen® 


The most important special advantage of the flat tube is that 
it allows the shadow mask to be fixed on the screen, owing to the 
very small spacing (about a colour-cycle) required for colour 
separation. Suggestions for exploiting this advantage by making 
the shadow mask of one piece with the screen, and applying the 
phosphors by blowing the powder through the slits of the mask, 
were contained in the first Patent Application of 1952. Here, 
again, the development proceeded from more complicated 
towards simpler schemes, because, in the original project, the 
shadow-mask conductors were connected, line by line, with the 
array conductors, to improve the colour convergence. It was a 
great simplification when this could be replaced by an equi- 
potential shadow mask, which could be produced in one piece. 

Fig. 16 illustrates the shadow mask now adopted, and its 
manufacture. The starting point is a thin sheet, 0-001 5 in thick, 
made of copper or some suitable alloy. This is printed, photo- 
graphically or by means of rollers, with 40 to 50 parallel strips 
per inch of an acid-insoluble resist, leaving 20-25% of the 
metal area bare. This sheet is now crimped by a process 
to be explained below, i.e. it is folded sharply, so as to form 
thin parallel ribs, about as high as the strip spacing is wide. 
The spacing between the ribs can be made wider, even several 
times wider than the spacing between the strips, without the 
ribs becoming visible at the distances at which the picture is 
viewed. In the design of the first crimping machine we have 
taken, for safety, 0-036in as the rib spacing, while the strip 
spacing is 0-025 in—-0-020 in (40 to 50 strips per inch). 

The crimped sheet is also completely coated with resist on 
the underside, and immersed in an etching solution for a limited 
time, until the result shown in the third illustration is produced, 
i.e. the blank spaces between the resist are etched through, but 
not the ribs. Alternatively one can produce this result without 
coating the back, by placing the crimped mat on an insulator, 
and etching it from above electrolytically, with an electrolyte of 
small throwing power. Finally the resist is removed with a 
suitable solvent. 

The manufacture of the shadow mask, by means of a specially 
constructed machine, is illustrated schematically in the bottom 
half of Fig. 16. The resist-coated metal sheet first runs over a 
deeply slotted roller. A steel blade, 0-004 in thick, dives into 
a notch, and produces the required deep and narrow folds. In 
order to prevent the material from flowing backwards, and thus 
partly destroying the previously made fold, a retaining tooth, 
also 0-004 in thick, moves into the next slot, a little ahead of the 
blade. This operation is called ‘crinkling’. 

The crinkled mat is now picked up by a roller fitted with fine 
radial teeth, and inserted into the notches of a rubber coating, 
only a little thicker than the ribs are high, which covers a steel 
roller. It next passes under a pressure roller. This compresses 
the rubber, which flows almost like a liquid, filling in the space 
between the two steel rollers, and in the process compresses the 
folds as sharply as if they had been squeezed between steel jaws. 
The number of notches simultaneously under the pressure roller 
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Crinkling Picking up Crimping ? 

Fig. 16.—Manufacture of the shadow mask. . 

must, of course, be much larger than shown in the Figure. The ; 
sharp folds are easily released by the rubber, which expands ! 


again after moving past the pressure roller. The experimental 
machine is made for a strip width of 4in. On the basis of the 
experience collected with this machine it appears perfectly 
feasible to produce shadow masks with 12in width (for 20in 
colour screens) in one operation. 

The crimped, etched and washed shadow mask is now stuck 
on the glass plate serving as envelope, preferably with a cement 
such as a silicone resin, which remains a little tacky until it 
is cured, and has sufficient adhesion to hold the mask in 
position. The coating operation can now follow immediately. 
Originally it was planned to blow in the powder through the 
slits, at the same angles as would later be taken by the electrons, 
but the very simple process illustrated in Fig. 17 has a great 
advantage. The screen is placed in an inclined position in a 
vertical pipe filled with stagnant air. Above this there is 
another similar pipe, separated from the first by a horizontal 
shutter. A measured quantity of phosphor powder of the right 
colour is injected into the top pipe, and after the air currents 
caused by the injection have ceased, the shutter is removed. 
The column of powder now descends almost exactly vertically, 
with speeds of only a few centimetres per second. As it has 
only about 0-020—-0-030 in to fall between the slits and the tacky 
screen surface, the outlines will be very precise, as seen in Fig. 18. 
If the dose is right, there will be no bouncing of the grains, 
although this is not very critical, since it was found that, at these 
low speeds, even those grains which fall on other grains instead 
of the tacky base do not bounce. The process is now repeated 
for the other colours. It has been found quite easy to remove 
the loose powder from the shadow mask by means of a powder 
puff or an electrified conductor. The tacky base solidifies during 
the baking of the tube. 

This process, which is extremely simple compared with those 
used for conventional shadow-mask tubes, can be applied, of 
course, only to flat tubes, owing to its two distinctive properties: 


oT The distance between shadow-mask and phosphor screen is very 
small. 


(5) For a certain colour the angle of incidence is the same all over 
the screen. 


(8.3) The Enyelope® 


In order to exploit fully the advantages of the flat tube, it is 
highly desirable to give it a plane screen, instead of the usual 
dished envelopes, It used to be, and perhaps still is, generally 
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Fig. 17.—Coating colour screens by dropping phosphor powder in. 
stagnant air through the slits of the shadow mask. 


Fig. 18.—Microphotograph of a screen with 50 lines per inch, 
coated with one colour only. 
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delieved that it is unprofitable to make the glass so thick that it 
shall withstand atmospheric pressure without dishing. This is, 
of course, perfectly true for ordinary glass, but not for toughened 
plates, which have been suddenly quenched from near the yield 
point to a temperature well below it. The outer crust solidifies 
irst, and when the inner layer follows suit, this will be strongly 
stretched, while the outer layers are correspondingly compressed. 
These plates owe their great breaking strength, which may be 
six to eight times that of ordinary plates of the same thickness, 
0 two characteristic properties of glass. The first is that its 
compression strength exceeds its tensile strength several times, 
and the second is that surface cracks, which gradually form by 
weathering and which reduce the tensile strength to about one- 
third of its initial value, cannot propagate in a compressed layer. 

For example, if a plate has been toughened in such a way 
‘hat its surface layer is under compression by six times the tensile 
strength, and its central layer is stretched correspondingly to 
three times this amount, it will not experience any tension on 
‘he surface under a load six times its normal breaking strength, 
and will crack only under a load of seven times the normal. 
There is a further advantage in the fact that strongly pre-stressed 
zlass, once it cracks, disintegrates into small fragments, and not 
nto large jagged pieces like ordinary glass. Implosion in a 
dat tube is rather a harmless affair anyway, compared with that 
® ordinary tubes, since the glass fragments can travel only 
about in before they hit the base-plate, as against 10-20 in in 
conventional television tubes. The particularly dangerous, 
‘hough fortunately rare, type of implosion in which the gun hits 
the screen from the inside cannot happen at all. We believe 
that flat tubes made of toughened glass could be so safe that one 
sould dispense even with the safety screen, replacing it perhaps 
sy a dip into a transparent plastic substance to prevent the 
splinters from scattering. 

For these reasons we have devoted considerable attention to 
-he development of a suitable toughening process for the all-glass 
‘ype of envelope shown in Fig. 1. The ordinary process used 
‘or plate glass, in which the whole article is uniformly quenched, 
‘snot very suitable. The flat tube, which is made of two pressed- 
zlass shells, lends itself very well to a manufacturing process in 
which all glass-blowing work is avoided, sealing together the 
‘wo shells with the leads, mostly tapes, between them by means 
of the excellent enamel glasses now available. But this makes 
¢ necessary to grind the two rims flat, with notches for the thicker 
eads and the exhaust tube, and if in this process one grinds 
‘through the compressed skin, the pre-stressed envelope will 
shatter. We have therefore developed a process in which the 
lat screen, together with its thickened surround, is fully tough- 
ned, while the pre-stressing gradually fades out and reaches a 
rero value at the rim. Our best result obtained so far is a 
‘ourfold increase in strength. If this could be obtained regu- 
arly, -4in plate thickness would be sufficient for a 12 in-diagonal 
ube, +in thickness for a 20in-diagonal tube, to pass the test at 
2 pressure of 3 atm outside with vacuum inside. 

However, especially at the larger screen sizes, which are now 
the most popular in television, it appears that the flat tube with 
4 metal envelope and an evenly toughened glass window not 
arger than the screen has decisive advantages over the all-glass 
ibe. Fig. 19 is a cross-section of a metal envelope. The whole 
icctrode system is mounted on the lid, which has the shape of 
2 tray with a network of stiffening ribs outside. This tray fits 
20 the casing, and is argon-arc welded to it glone the rim. The 
ude can be reconditioned by cutting away, say, 4in of this rim, 
w hdrawing the mount, repairing the faulty parts, and rewelding 
be rim. Thus the envelope and the electrode system can be 
»ed four times until the thickness has been reduced to 4}in 
| leads are arranged at the back, and they project into the set, 
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Fig. 19.—Cross-section of flat television-tube with metal casing. 


The bottom, welded to the casing along the edge of the rim, carries two deep pockets 
at either side of the gun, which protect the insulators and the exhaust tube and can 
also accommodate part of the circuit. The dimensions shown apply with the 
20in screen-diagonal tube. The overall dimensions of the 12in tube are 12in x 34in. 


which is arranged behind the tube, to a depth of about 2in. 
All controls are arranged at the sides. The cabinet is reduced 
to a minimum, i.e. to four plates forming a frame which snugly 
surrounds the tube. A front cover is unnecessary, and if the 
tube is given a pleasant finish it looks like a television set. The 
question of whether the sound will be satisfactory with elongated, 
narrow loudspeakers opening towards the sides or towards the 
top will not be discussed. Otherwise the preliminary work done 
so far on the circuit design for the flat tube gives us confidence 
that there will be no difficulty in accommodating the complete 
circuits in a depth of 2in, which is about 0-5 ft?. 

It is too early to discuss the vacuum-holding qualities of the 
flat tube, and particularly the metal tube, but at the back plate 
it offers a gettering area of more than 24ft?, which cannot be 
seen by the phosphor screen. 


(9) CONCLUSIONS 


The development of the flat television tube for monochrome 
and colour has reached a stage at which the feasibility of every 
one of its novel features has been tested singly, and partly in 
combination. The major part of the work consisted in the 
development of the electron-optical system consisting of a 3-beam 
electron gun, a line-deflector system, an electrostatic reversing 
lens and a magnetic collimator, which launches the three colour 
beams into the space between the phosphor screen and the 
scanning array, on three accurately parallel and equidistant planes, 
and ensures focusing along any scanning line without “dynamic’ 
corrections. The second part was the development of a scanning 
array which enables the beam to effect the frame scan by itself. 
The third part was a simple method for producing the pattern 
of colour-phosphor strips, in automatic register with the shadow 
mask which is fixed immediately on the glass screen. The first 
two developments were tested in combination, and the third, 
for the time being, only on small samples of colour screens. 
Work was also done on the use of pre-stressed (toughened) glass 
plates, to enable the construction of large tubes of at least 20in 
diagonal with plane screens, without excessive glass thickness. 
All experiments were carried out in continuously-pumped, 
demountable vacuum tanks. No sealed-off complete tube has 
been produced so far, and this stage of the development would 
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be more appropriately carried out in industrial establishments 
than in an academic laboratory. 
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(12) APPENDICES 


(12.1) A Semi-Empirical Method used in Designing Reversing 
Lenses 


Trajectory tracing through the fields of the central cross 
section (Y = Q), as determined in the electrolytic tank, have 
shown that, if the depth H of the repeller trough is increased by 
Imm, the optic axis is moved out on each side by 0:7mm. 
Similarly, if the gap widths G between the trough rims and the 
positive side-plates are increased by 1mm, the axis moves out 
on each side by approximately 0-28mm. These effects are 
approximately linear over quite a wide range. So far as the 
effect on the axis is concerned, we may define a quantity D, 
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: 
which we shall call the ‘effective trough depth’, given by th» 


equation 
D=H+°2G=H+0-46 


Strictly this holds only for the central cross-section X = 0, bu _ 
the assumption that the factor 0-4 holds for all cross-section 
seems justified by the results of experiments in demountabl)) 
vacuum chambers. 
Using the data from an accurately-made rotationally-sym}’ 
metrical reversing lens having the cross-section shown in Fig. 21 » 
it was possible to find the dependence of the Y-focal power 0} 
the ratio D/w (where w is the trough half-width) for variou. 
values of ¢ (Figs. 10 and 20) and also to calculate the varia’ 


Fig. 20.—Illustrating the design procedure for an asymmetrical f 
repeller which is effectively symmetrical. 


tion of axis spacing A (Fig. 21) with ¢. The design of | 
successful lens now involves scaling up D and w, so | 
the axis distance A is constant for all values of ¢, and tha! 
for each value of ¢ the ratio of D/w on both the entry an 
exit sides is such as to give the required Y-focal power. Froft 
the calculated values of D new actual trough depths H can nov 
be determined, such that the gap width G remains constant fo’ 
all values of ¢. 

As an example we shall calculate the increases in w and J) 
(26 and 19mm, respectively, in the central cross-section) so tha 
the reversing lens of a 12in tube shall be telescopic. 

In the telescopic case the gap width Gp of the rotationall 
symmetrical lens was 10-7mm in the central cross-sectior 
Measured values of axis distance Ap, and scaled-up values c 
trough half-width w and trough depth H are given in Table 1. _ 
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Table 1 


0, primary X-deflection angle, deg . 

¢, angle of incidence to trough bottom, deg 

Go for telescopicity with H = 19mm ae 
Axis spacing Ay for H = 19mm, and w = 26mm 
Do (rotationally symmetrical lens), mm 


27D 
Ao 


w for A = 27mm (=: =°)), mm 
0 


D for A = 27mm (= 


A forG =10-7mm .. 


! Front view 


Rear view 


Top view 
Repeller only) 


Fig. 21.—Design data of a reversing lens for operation without 
collimator. 


it is clear from the last two rows that the trough must be 
«ened and deepened towards the ends, the increase in width 
iag very nearly proportional to sec? . However, the trough 
ust not be made symmetrical to the Y =O plane, or the 
zaches of the trajectory at the two sides of this plane would, 

act, ‘see’ different fields. In practice, it has been found 
‘sfactory to consider the half-widths w given in Table 1 as 
‘-nging to the cross-sections intersected by the asymptotes of 
« two branches at a distance D/2 from the trough bottom. 


Table 2 


Rio Z 


D235 295) 952511916) foo 


0) | Sie 72) |) 3° 7/ | 6-2 19 


This is illustrated in Fig. 20, which shows the ray for which 
@ = 11-3°.. The front and rear halves of the trough are 
made 23-0mm deep and 32:2mm in width in those cross- 
sections through which the projections of the incoming and out- 
going beams pass at a distance D/2 = 13-65mm from the 
bottom of the repeller. In practice, it has not been found 
necessary to alter the distance between the positive side-plates 
and the spine. 

When several points on the trough lips have been determined, 
it is found that they lie fairly closely upon circular arcs, and it 
is thus possible to describe the repeller by a number of radii, as 
shown in Fig. 21. Table 2 gives the dimensions of a successful 
telescopic lens, in units of the axis distance A, which was taken 
as 27mm for a 12in tube. 

Although the two halves of the central cross-section are 
geometrically symmetrical, the electric fields in each will be 
slightly different, since they are influenced by the shapes of the 
dissimilar neighbouring portions of the trough walls. The result 
of this is that the beam direction will be turned by slightly more 
than 180°. This effect may be compensated by slightly offsetting 
the repeller relative to the positive plate assembly, so that w3 is 
slightly larger than wg, i.e. (v3 — w4 = 0:06A). 


(12.2) Mathematical Theory of the Reversing Lens 


The problem of designing an electrostatic reversing lens to 
given optical specifications is considered. The chief purpose of 
the theory is to reveal the degrees of freedom of the problem, i.e. 
those parameters which can be freely disposed of, and which may 
be used for further improvements. 

The problem is illustrated in Fig. 22. The principal rays start 
in a plane fan from the deflection centre C. After passing 
through the lens they appear to diverge, approximately from a 
centre C’, with larger angles to the Z-axis. It is stipulated that 
the principal ray surface (p.r.s.) shall asymptotically approach 
a plane, parallel to the original. These are the conditions for 
the principal rays. 

We introduce a suitable co-ordinate system, in the form of the 
orthogonal curvilinear system (u, v) in the p.r.s. and the rectilinear 
co-ordinate w at right angles to it. The lines » = constant 
(u-lines) are the principal rays, and the equation of the p.r-s. 
is w =O. The metric is 


ds? = dx? +. dy* + dz? = hydu* + hydv* + hydw? . (1) 


| 


} 
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Fig. 22.—Theory of the reversing lens. 


The principal-ray surface. 


We put A; = 1, but it will be convenient to leave it standing in 
some formulae for the sake of symmetry. 

We can now formulate the focusing properties of narrow 
pencils centring on the principal rays. We specify first the 
focusing of rays which depart from a principal ray only in the 
w-direction, at right angles to the p.r.s., by stipulating that these 
shall follow certain paths w = W(u,v), v =constant.  Pre- 
viously these were called ‘Y-conditions’. It will be shown 
later that this stipulation is consistent, because a trajectory 
starting as a W-ray always keeps to the condition v = constant. 

In order to specify the condition for lateral focusing (pre- 
viously called ‘X-focusing’) for rays which depart from principal 
rays but remain in the p.r.s. it is convenient to imagine the 
p.r.s. conformally represented on a plane, as shown in Fig. 23. 


ane 


tke 


SL77 
GOT 
iS warearaeee 


wee 


R22 


Fig. 23.—Theory of the reversing lens. 
Conformal representation of the principal-ray surface on a plane. 


The p.r.s. is not applicable to a plane, except in its initial regic. 
near C, and its asymptotic emerging region, because in the 
regions its total curvature is zero. It is applicable there withc|) 
deformation, even if the p.r.s. does not approach a plar y 
because in the regions of constant potential, 6 = ¢o, the traji) 
tories become straight rays, and hence the surface is developab); 
The lateral trajectories, w = 0, v = V(u, v) cannot be frex 
prescribed once the network of co-ordinates, h,, h2 is laid oud 
This is anticipated in Fig. 23, which shows a certain relati}) 
between the initial and final divergences of a V-beam, to » 
derived and explained later. 
The general method to be followed is this. First we establi 3 
the dynamical equations for trajectories in narrow penc 
around principal rays, in the co-ordinate system (u, v, w), a)/ 
Laplace’s equation for the electrostatic potential d(u, v, w) wit 
out any reference to the position of the p.r.s. in space. = © 
combining the conditions, we obtain sufficient equations |) 
specify d(u, v, 0) in the p.r.s. and its gradient at right-angles © 
it, \¢/dw. Once the p.r.s. is given, this is sufficient to determi” 
d(u, v, w). Finally we make use of Gauss’s equation for t 
total curvature of a surface which can accommodate a netwo? 
(u, v) with given metric coefficients h,(u, v), h2(u, v). This sii 
leaves a certain amount of freedom, which we will then discu © 
Dynamical Equations.—We start from Lagrange’s equatio » 


for an electron (e, m) in a potential field 4 i 
+) 
0h 6 OS 0s a 

dt 094i Ogi 


where the co-ordinate q; represents either u, v or w ai ; 
L=T(q;, 9) — ed is the kinetic potential. T is the kine) 
energy, expressed in terms of the co-ordinates g; and their rat 
of change g;. In our curvilinear co-ordinate system \ 


T =4m(h? + hyo? +h?) . . . . 


We now distinguish the co-ordinate u, which we introdu: 
instead of the time ¢ as an independent variable. Usii 
d/dt = ud]du, and the energy integral 


T = 4mhyi? (1 + Pv? + Bw2.4...) =-—ed . 
hy hy 

t 

Here, as later, primes stand for differentiation with respect to\ 
The terms written out in eqn. (4) are sufficient for the iscusal 
of trajectories to the second order, but we will now restr? 
ourselves to first-order (Gaussian) optics relative to the princir): 
rays, and use the first term only, i.e. 


&=(—2ed{mh)v2 . . . . 
| 

With this approximation, substituting in turn v and w f) 
q; in Lagrange’s equation, and replacing differentiations wi 
respect to time by uwd/du, we obtain the two trajectory equatio : 


hel |, (te. Lae NS |e tee 
Seely = _ 
ia) alae eas a) 2\h, wd —) 


Ly rn pect es dae 1d6\ | 
Hl +( Lhe 2 a)” ACen: ‘ 


We have left 43; standing, for symmetry, but we have tak 
h; = 0 into account. : 


7 
7 


On the right-hand side of these equations we ha 
(1/2h,f)d/dv(tyP) and (1/2, 4)d/dw(hy¢), and as these equatio 
relate to narrow beams, the derivatives are understood to | 
taken at w =O, at any principal ray v = constant. As 1 

t 
| 
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t-hand sides are of the first order in v, w, no zero-order terms 
n appear at the right, and we have 


P) 
Sp luh) = () (ug) = Oifor 1) —0 


This gives the important integral 


hid =f@) w=0). .. «2 8) 


where in the p.r.s. The arbitrary function f(u) is of no 
yportance; it corresponds only to a renumbering of the 
= constant) lines (v-lines). This integral can be interpreted 
expressing Huyghens’s principle of wavefront propagation in 
medium with refractive index proportional to »/¢. In fact 
e spacing of two v-lines is h]l/*du, and from egn. (8) this is 
versely proportional to the refractive index along this wave- 
ont. For simplicity we will now make f(u) = constant. 

As the right-hand side of eqn. (6) vanishes everywhere in the 
r.s. and as from eqn. (8), with f(u) = constant, 


Rilke ai [huge a dale Sakenga(9) 


e obtain for the equation of the V-rays 


Lae ; 


hy, 

4 ) tO (10) 
h, 
hs right-hand side must vanish, because for any principal ray, 
==constant is a possible trajectory. This equation can be 
umediately integrated and it gives the second important integral 


InbV’ = g(v) (w = 0) (11) 


gain the arbitrary function g(v) is of no importance; it corre- 
onds only to a renumbering of the u-lines, and we will make it 
constant. 

Eqn. (11) can be interpreted dynamically as a momentum 
tegral or optically as an expression of the Smith-—Lagrange— 
elmholtz theorem. This can be seen as follows: The distance 
two neighbouring principal rays is h}/2dv, and hence hl/? is a 
easure of the transverse magnification. The angle between a 
tay and its v = constant axis is (,/h,)'/*V’. Substituting from 
in. (8) Ay = constant/d, we can therefore express eqn. (11) in 
e form 


‘ansverse magnification x Angular convergence 
X< Refractive index = invariant 


hich is the Smith-Lagrange-Helmholtz theorem of optics. 

The two results h,d = constant and h,fV’ = constant allow 
‘to obtain an intuitive insight into the problem of the reversing 
as. Let us first lay down in a plane a conformal representation 
‘the (u, v) network, with the initial and final regions undis- 
tted, as shown in Fig. 23. In this map we can also draw the 
mily of V-lines, since these are geometrically connected with 
€ u, V network, but let us do it so that in the asymptotic regions 


h,V’ = constant 


that the Smith-Lagrange-Helmholtz theorem is not violated. 
1is we have done in Fig. 23 by making the initial and final 
“ays tangential to two circles, one centring on C, and the other 
> .’, with radii in the inverse ratio of magnification. It is clear 
a, if the locus of convergence of the final V-pencils is pre- 
rived, this imposes certain conditions either on the initial locus 
-sonvergence, or on the magnification, which will then, in 
reral, not remain a constant. This question has been pre- 
+ sly discussed in detail in connection with Fig. 10. 

by making 

(h2V)initiat = T2V finat 
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we have made the complex of the V-pencils optically realizable 
in the two asymptotic regions in which ¢—> ¢9 and the rays 
become straight lines. We can now easily complete the picture 
in the regions between, by first calculating a plane potential 
field Pp(U, v) in which the principal rays, as drawn, become actual 
trajectories. We do this by using egn. (8) in the form 


hy(u, 0) 
Ppl, v) aa Py (Us Ge v) (12) 
We can do this graphically by proceeding from the symmetry 
axis v = 0 outwards. The spacing between two neighbouring 
v-lines is hj/?du, and hence the potential ¢, increases inversely 
as the square of this spacing. It is seen that the potential on 
the symmetry axis, Pp(u, 0) remains undetermined in this process. 
(It becomes determined if one wants to realize Pp with a cylindrical 
electrostatic field.) We can now also draw the V-rays in the 
intermediate region, using eqn. (11) (after having made some 
assumption about Pp(u, 0), but this is not of great interest, as only 
the final rays are important. 

From this plane map of the trajectories, which represents a 
plane diverging lens, we can now pass over to a 3-dimensional 
reversing lens, as follows. Let us assume that we know the 
potential ¢(u,v). From eqns. (8) and (11) we have only to 
enlarge the meshes of the network conformally by the factor 


[Pp(u, v) (du, v)]'? 

in order to get another realization of the same optical problem, 
but the p.r.s. will now be no longer plane. For simplicity let us 
make ¢,(u, 0) = ¢(u, 0) so that there is no deformation at the 
symmetry axis. But outside this, where the meshes are crowding 
together in Fig. 22 these will now be enlarged, and here the 
p.r.s. will bulge out of the plane. One could realize this surface 
with fair accuracy by making up the (u, v) network out of steel 
wire, welded at right angles at the nodes, with meshes of the 
precalculated size. (One could also make it up ‘paillette’ 
fashion, out of small rectangles, welded together at the corners 
with flexible wire.) These models are useful, since they give 
an intuitive idea of the equations of differential geometry, to be 
introduced later. It is, at once, clear that such a surface is not 
a unique realization. In whatever way we distort the steel net- 
work or the paillette-mail, we obtain another valid realization, 
so long as the wires or the joints are not stretched, because all 
these are applicable surfaces, with the same total curvature. In 
particular, it is clear that we can bend the surface in such a way 
that the two asymptotic regions become parallel planes, thereby 
satisfying all conditions imposed in a reversing lens on the 
principal rays and on the V-pencils. These lenses will not, in 
general, have the desired properties for the W-rays, and this is 
what we ‘must now consider. 

On the right-hand side of eqn. (7) for W-rays, we have the 


term 
1/1 oh 10 (EO 
Size 1 a; é) ad (hyd) 
which we have already used to derive eqn. (8) for /, in the p.r.s. 
We now interpret it, by using the geometrical equation 
Se Tipton, 


R, ae Z hy ow 
where R, is the radius of curvature of the w-lines in the plane 
(u, w), i.e. the normal curvature of the p.r.s. associated with the 
direction of the principal rays. The vanishing of the term in 
eqn. (13), for w = 0, which is a consequence of the fact that the 
principal rays must be trajectories, therefore means that 


Lge ALPS jn qt Rane Sos 


R, 2 h dw 


fo (13) 


(14) 
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This equation is well known. It gives directly the potential 
gradient normal to the principal-ray surface, which is one of the 
data we require for specifying the potential field, the other being 
of course the potential 4(u, v, 0) in the p.r.s. ar 

Eqn. (13) vanishes at w = 0 but not at w = W, where it is, 
in our first-order approximation, 


171) Oh. 100) *_ ail R= 

ow A ww d A is hy, ow? 
1 d%,\2 1 #d 1 dd al 
J _ 16 
hy a ‘3 fh ow? € sa ie 


By eqns. (14) and (15) the second and the fourth term can be 
expressed by 1/R,. The first term, which contains the second 
derivative of h, can be also reduced to it, because the w-axis is 
rectilinear, and hence we have exactly 


Ww 
nil2(u, v, w) = hY2(u, 0, o(1 = a 
which expresses the fact that the arc length is proportional to 
the distance from the curvature centre. 
(1/h,)07h, dw? = 2/R?2 


Substituting these results into eqn. (7) we obtain the equation 
of the W-rays 


OO (aang 


hy R2 "2 d dw? 


Hence (17) 


(18) 


This, and its counterpart eqn. (10), incidentally verify the 
theorem, already anticipated, that V-rays and W-rays remain 
V-rays and W-rays during their passage through the reversing 
lens; there is no skewing of axes in the first-order approximation. 

Laplace’s Equation.—The second derivative of ¢ with respect 
to the normal is determined by Laplace’s equation in terms of 
the distribution of ¢ in the p.r.s. and its first derivative. This 
equation is, in orthogonal curvilinear co-ordinates, 


a Co. a0 ae ie Ge U2d4 we 
dul \ hy wu] wE\A,/ Ww] wlvA; dw 
(19) 


The last term is, putting A; = 1 and writing (h,h,)!/? = h, 


1 1 dy d?¢ 


> dp 
23 Reve | Rl? 
2 dita a0 (thy) G h, dw dw 


le eeu ON iia (ee 2 ee 
"2h, dw dw dw les ake dw2 
(20) 
Here we have used eqns. (14) and (15), and we have introduced 
1 11% , 
R, 2h, Ww OP 


for the normal curvature of the v-lines. 

We now introduce the second normal derivative of 4 from 
eqns. (19)-(20) into eqn. (18) at the same time making use of 
eqn. (8) in the form h;d = do. This gives us the equation of 
the W-rays in the final form 


ed aaa 1 
= =.(9W) = = 
pane { Ri RR, 26h 


NONI ina 
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This equation gives the W-focusing properties of the reversir 
lens as a function of the potential in the p.r.s. of the metric hy, i 
defined by the principal rays, and of the two curvatures 1/R,, 1fd 
at right angles to one another. Conversely, if we prescribe tk 
function W(u, v) in the p.r.s., eqn. (22) is a linear second-ordi) 
partial differential equation for ¢ in the p.r.s. [The appares) 
non-linearity vanishes after substituting 4,, h, from eqns. (ile 
and (11).] 

Equations of Differential Geometry.—The quantities R,,, Ry an 
hy, hy, which figure in eqn. (22), are not independent of or 
another, because, by Gauss’s theorem, the total curvature of 
surface, i.e. the product of its two principal curvatures, is det 
mined by the metric /,, A in the surface, by the relation 


Lit Gaal ee 2 Ge eae 
Ribs Rane (igs 2h| du\h du wilh w 


(2 


. 
| 
! 
i 
| 
Here R, and R, are the two principal curvature radii, and 1/Ryp | 
a parameter which determines the angles of the principal sectioi 
with the axes u, v. 
From the theorems of the differential geometry of surfaces 
is only the total curvature which is determined by the metr) 
h,, hy. All surfaces with the same total curvature in correspont 
ing points are applicable. The mean curvature, 4(1/R, + 1/R,. 
on the other hand, remains quite undetermined. We are ther) 
fore free to choose, for instance, R, as an arbitrary function «> 
u, V, as Clearly suggested by the model of a steel-wire networ | 
A purely analytical procedure for designing reversing lens) 
would be rather complicated, owing to the circumstance that th) 
W-ray equation (22) contains the product 1/R,R, instead of thi 
total curvature 1/R,R,, so that a knowledge of the quanti 
1/R,y is required. This is given, in terms of R, and R,, by thi 
two Mainardi-Codazzi equations of differential geometry) 
Manipulating these two equations together with eqns. (22) ar 
(23) is too complicated to be practical. } 
Solution by a Model Method.—A more practical procedure | 
as follows: 
Produce a model of the principal-ray surface, for instance :) 
wood or in plaster of Paris, which has two plane and paral: 
asymptotic regions and approximately the right shape in tl k 
curved region. How to produce approximately the right surfat 
may be explained in a special case which is of considerab): 
interest by its simplicity, in which the principal rays are geodesic ) 
Lay down first the ‘crest’ of the p.r.s., i.e. the approximate’ 
circular profile in the X = 0 plane where the trajectories reac} 
their lowest point, midway between the asymptotic planes, ar). 
round off the transition region in some convenient way. Fix”) 
string to a peg at the point C and draw it tight on the surfac 
at various initial angles. We will assume these shortest patl) 
or geodesics to be the principal rays. Differential geomet 
gives the result that the u-lines are geodesics if and only if 


dhpe=O. . . 


ie. if the metric coefficient h, is a function of wu alone. 7 
eqn. (8) these lines will be dynamically possible trajectories if tl’ 
v-lines are equipotentials. 
We now modify the X = 0 profile until the desired angula - 
magnification properties are obtained. By departing from tl ’ 
circular shape we can also obtain any desired deflection/voltag) 
characteristics, for instance an exactly linear one. 
Next we trace the v-lines at right-angles to the wacodesit 
and copy these in a network of welded-steel wires. We no 
remove the p.r.s. model, retaining only a board between tt 


* EISENHART, L. P.: “Differential Geometry’ (Ginn and Co., Boston, 1909), p. 156 
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vo asymptotic regions. We can, with the given network and 
nchanged asymptotes, distort the principal-ray surface in an 
ifinity of ways, without stretching the wires or distorting their 
sctangular joints. This family of reversing lenses which we 
btain with one wire model has, in common, the asymptotic 
ehaviour, and also the property that the u-lines remain geodesics 
nd the v-lines equipotentials. Apart from being free to vary 
ne p.r.s. there is a further important degree of freedom; the 
otential ¢(u) can still be freely determined. This is easily 
nderstood, because the u-lines are not refracted at the equi- 
otentials which they traverse at right angles, whatever the 
otential gradient. 

Substitute now in the W-ray eqn. (22) the geodetic condition 
) = P(u) and use eqns. (8) and (11) in the form ~ 


hyflu) =o hn d(u)V'(u, v*) = SoG) 
Ve then obtain the W-ray equation in the greatly simplified form 


2 1 orgies ba eats 
at eu | - a er — 38) |w 


(25) 


This equation makes it easy to deal with the most important 
f the postulated properties of the reversing lens—the indepen- 
eace of its W-focusing properties on v. Only the asymptotic 
haviour is important, but for the present it may be simpler to 
vostulate 

W = Ww) (26) 


nd investigate the requirements. In eqn. (25) the whole left- 
and side and the third term at the right-hand side are inde- 
endent of v. Eqn. (25) therefore becomes consistent with the 
ssumption [eqn. (26)] if, and only if 


Met 
fe RR, | ty V’ 
es! 
Kee RR, we oi 


here F is an arbitrary function. In the second form we have 
sed eqn. (10) for V/V’, in order to make it clear that this 
uantity is defined by the (u, v)-network and by the potential, 
xdependently of the distortions of the network. It is clear that 
within limits, which we do not investigate) the condition of 
-independent W-focusing can be realized by suitable distortions 
f the p.r.s. 

In reality the conditions in eqn. (26) are too stringent, as we 
re interested only in the asymptotic behaviour. Let us instead 
ostulate that the lens must be felescopic, independently of v. 
‘his means that if W’ = 0 at the start, it must be zero also at 
ne end. Integration of eqn. (25) gives immediately the 
ondition 


+ fg =FW 7) 


2 1 1 CV | 
— a Wdu=0O (28) 
| | RR: ag,(¢ PAG ¢ 
‘ependently of v. This is a much less stringent condition than 


N 
34, (27), because the variations of W with v can now be used 
» -ompensate those of the bracket expression. 
"Without going into more detail it can now be seen that all 
ditions can be satisfied with a reversing lens of the geodetic 
rt » This is rather different from the one which we have 
“erimentally realized, and we have chosen it here only for the 
6 plicity of explanation. 

he last step in the design of any such mathematically con- 
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structed reversing lens is the calculation of the potential (u,v, w) 
in space, from its values in the p.r.s. and its normal gradient, 
given by 1/R,. This can best be carried out by series expansion 
in powers of w, using eqn. (19) and its derivatives. This need 
not be unduly laborious if the series is broken off at a point at 
which it gives the approximate shape of the electrodes, and if 
the final corrections are carried out in an electrolytic tank model. 


(12.3) Theory of the Magnetic Collimator 


The magnetic collimator, as a ‘strong lens’, is unavoidably 
astigmatic. It is the purpose of the present theory to show up 
certain connections between its focusing properties in the 
principal XZ-plane and at right angles to it, as a function of 
the design data. In particular, we want to show that, while in 
the symmetry plane X = 0 the Y-power is necessarily negative, 
it becomes increasingly positive off this plane, and that this 
undesirable property can be minimized. 


Fig. 24.—Illustrating the theory of the magnetic collimator. 


The notations are shown in Fig. 24. Using a right-handed 
system X, Y, Z, the equations of electron motion are 


e 5 c 
One par =. v,Hy) a 7 eal — 0,H,) (29) 


We will eliminate time and introduce z as the independent 
variable. As the total velocity v is a constant, we obtain 


dia e 
“00, |v) = sin d= = ex ra preg Pa ri v,Hy) 
and as, for the principal rays in the symmetry plane Y = 0, the 
component v, is zero, this is 
d e 
=. Sit Oe 30 
dz* ie E 
The collimator must be so designed that the total deflection 
angle is equal to the initial angle ¢9, which gives the design 
condition 
e fo@) 
i =—|dH =i () 31 
sin 0 oer | Haz (y = 0) (31) 
It will now be assumed that this design condition is satisfied for 
every principal ray, and we will discuss the consequences for 
narrow pencils of rays centring on the principal rays. It will 
be convenient to introduce a simplifying approximation for the: 
distances 5x, dy of a ray from a principal ray, which is illustrated) 
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Fig. 25.—Illustrating the theory of self-scan stability. 


in Fig. 24. We construct the ‘centre line’ c of the lens as the 
locus of the intersections of the initial and emerging principal 
rays. Consider now pencils which emerge collimated both 
in the X- and Y-directions. We approximate their deviations 
dx, dy from the principal ray by assuming that, up to the inter- 
section with c, these pencils spread as if there were no focusing 
effect, and beyond this they keep at constant distances 5x9, dy 
from the principal ray. In other words, for these deviations, 
we consider the collimator as replaced by a thin lens at c. 
Thus 


dx = 6x o[1 —@—Z)/F,] (2< 20) 1 
Ox== OX) (Z>> Zo) 

dy = dyo[1 —(2 — 2) /Fy] (2 <2) 
dy = Oyo (Zz > 20) 


(32) 


X-focus.—Combining eqns. (31) and (32) it is seen that a ray 
dx, dy =0 will emerge with an angular deviation from the 
yertical 50, which is 


pay aa ds = 
e oH, oH, 
cane 0 | 5 dz — x (z — Zo) ae dza3s) 


But this again is a principal ray, and hence 66 = 0. Writing 
80) = — 5x/F, we get 
0\ OH. 


ead e - 
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This is the X-power of the collimator (with negative sign, because 
F,, is the z co-ordinate of the rear focus, which is negative). We 
have simplified the writing somewhat, with the tacit understand- 
ing that terms containing the factor (z — Zo) are to be integrated 
tO Zp only. 


Y-focus.—From the second of eqns. (29) and (30) we obtain 


similarly 
1 We 2 0 i 
Any = By 5 (He — fH) ae 


= eee) a 


(34) 


ote Bx 
pH.) de (35) 
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We now transform this, by taking into account the irrotationa_ 
property of the magnetic field 
OH. On. oH, of 


ge eR z Uy 
oy ox : oy oz 4 


and also that in the symmetry plane, 0/dy(v,/v,) = 0. This gives) 


(Se ee 
0 0 Nek. v, 
Comparing this with eqn. (34) it is seen at once that for 
v, = 0, i.e. in the centre of the lens, the Y-focus is the same as9 
the X-focus, but with sign reversed. This is the well-knowr» 
result that, in the axis of any strong-focusing system, the sum Oj/y 
the focal powers in two directions at right angles is zero. (Zer i 
astigmatic sum.) However, this is true only at the centre, as wil y 
now be proved. 
Consider first the term with the factor v,/v, = tan@ foi 
F, = ©, i.e. for a beam which enters collimated. Using the 
equations 


v,] Pe ee (v 


(36 


(37) 


— y2)li2 ae which d/dv pie = v7]y3 


dt dv, elle :) - 


Fede 2) Side tidiieaes 


we obtain, by partial integration, 


¥ cee PHede = + | (4, 


ee “Hae | = ee ae 2" Hide of 


This integral can be completely expressed in geometrical terms’ q 
by using v,/v = cos 6 and introducing the radius of curvature 


1/R = eH,|mv 


il ahs 1 2 
RD ERE tps sh A 
"3 mvjv, Z ca IB cos} I & cos a a (4e 


where ds is the are differential. It is seen that this is unavoidably 
positive and will increase, approximately parabolically with the 
distance from the centre. This effect is a direct consequence o} 
the irrotational property of the magnetic field; it can be reducec} 
by making the radius of curvature R large, but never eliminated’ 

Substituting into eqn. (37) we have now in what ca , 
be called the ‘thin lens approximation’, neglecting the tern) 
(z — zo)(v,/v,/F, in the integrand 


7H |e) 


Rae 
At the left we have the power in the Y-direction of the collimator}: 
with the correct sign. This is negative for small angles CAL 
but becomes increasingly positive. This effect is somewha | 
reduced by the term which we have neglected, and can be cal). 
culated as follows: 


and mies 
m v3 


giving 
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‘Here 6, is the angle of the principal ray at the intersection with 
|the line c. Both terms inside the last square brackets are positive, 
but the effect is, in fact, beneficial, because for large angles, F,, 
is negative. Substituting this into eqn. (37) we obtain the first 
‘thick’-lens approximation 


1 i ds 
; F, + | (R cos 6) 
in —— (43) 
ei + (cos 0 = 008 0) + Neeser 
z : eal (R cos 6)? 


‘This formula contains only such data as can be obtained directly 
from a plan of the principal rays, as shown in Fig. 9 (F,, 6) and 
9.) or integrals which can be easily computed graphically from 
the same plan, and gives a plot of the Y-power versus Gy Or Xp, 
as shown in Fig. 25, 
_ The most important term is the second in the numerator. As 
there is only a limited arc length s available in the collimator, 
this is minimized by making 

R cos 6 = Ry = constant (44) 
»which means that the curvature must be made small at the entry, 
“where cos 6 is small. It can be shown that this is satisfied by 
j2 curve 

x = — Ro log cos (z/Ro) 


sor by any part of such a curve. It is therefore possible to build 
yup the collimator in such a way that all principal rays inside it 
ollow segments of different lengths of the same curve. It can 
‘be also shown that, if we neglect H,, the magnetic field H,, H,, 
ywhich produces these trajectories, can be represented by the 
formula 


(45) 


H, + jH, = cosh (y/Ro)e!*!*e (46) 
| This can be derived from a magnetic potential 
Y = sinh Q/Ro) cos (z/ Ro) (47) 


pwhich is realized by shaping the pole pieces so that their 
ix = constant sections conform to ” = constant. This gives 
approximately parabolical sections, which we have approached 
by two planes, joined together at an angle. For the very reason 
‘that there is an optimum, the shape is not very critical, and the 
approximation was found to be practically satisfactory. 


(12.4) Theory of Self-Scan Stability 


Consider a staggered array, as shown in Fig. 25, with the 
x co-ordinate running downwards. Connected conductors are 
considered as having the same value of x. Let c be the capaci- 
itance per unit length (to earth), V(x, t) the voltage (also to 


earth) and J(x, f) the current density per unit length of x. The 
equation connecting V and J is 
OV 
Cd (48) 
or 
were the electron current is considered to be positive. If this 


iis to have a solution corresponding to an undistorted wave 
irvaning down the array with a velocity u, so that V(x — ut) 
-= V(x, 1), we must have 


OV 
fa am 
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and consequently the current density must satisfy the equations 


J(x, t) = J(x — ut) = rye 

ox 

Such a wave, once launched, would maintain itself, because the 

electrical and electron-dynamical conditions are uniform along 

the array, but the question is whether it will be stable, and, in 

particular, should it initially have a slightly wrong shape, whether 

it will asymptotically approach the shape which will run down 

undistorted. 

Let us write (V + v) for the voltage and (J + /) for the current 

density, of a slightly distorted wave. We introduce a running 
co-ordinate system, travelling downwards with the speed 


(49) 


w= ({ dee) le Vnax ~ Pri (50) 


(51) 


and denote differentiation with respect to time in this running 
system by D/Dt 


by x =x —ut 


Di dt “dx 
Substituting (V + v) instead of V and (J + /) instead of J in 
eqn. (48) gives 


jhe Ga) (52) 


Dt 
This gives the distortion speed of the voltage wave, which will be 
zero only if 7 = 0. 

Eqn. (49) presumes that the electric field V, (v = 0) produces a 
current distribution J(x — ut) which satisfies this equation. The 
effect of small perturbations v will be, to a first approximation, 
expressible by an equation of the form 


KC) = | INCE 56 Was, yghe@ (53) 
—2 
i.e. a disturbance v . dx”’ at the (running) co-ordinate x” produces 
at an arrival point x’ the current disturbance Kvdx’’. If the 
beam were very thin (i.e. a single ray) the kernel K would be, 
because of the uniformity of the array, of the form K(x” — x’), 
but if the beam has appreciable thickness it will not be of this 
Laplacian type. The kernel is restricted by the condition 
[xe dx’ = 0 (for any x”) (54) 
because, so long as the voltage disturbances are not very large, 
the total current collected by the array is unchanged. 
A sufficient (but not necessary) condition of stability can be 
derived by substituting eqn. (53) into eqn. (54), multiplying both 
sides by v(x’) and integrating over all values of x’ 


v(x’, Ndx’ = — {J K(x’, x)u(x’, Dux’, tdx’dx’” 
a a (55) 


1D 
2 Dt_ 


At the left-hand side we have the rate of increase of an essentially 
positive quantity, which represents the electrostatic energy of the 
disturbance. The right-hand side represents the total power of 
the beam which goes into decreasing or increasing this energy. 
If the kernel K is such that the integral at the right-hand side is 
a definite positive form of the variables v(x’)dx’, v(x’)dx’’, the 
energy of the disturbance will steadily decrease until v = 0 
everywhere. Examples of such kernels are 


K = 9(x')(x” — x’) 
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where p is a non-negative function, 6 is a Dirac function, and 


K = FXx)F@’) 


where F is an arbitrary function. 
For further investigations it is convenient to represent the 
kernel in the form 


Ke x) = — [J(x)S(x’, x’)] (56) 


where J(x’) is, as before, the density of the electron current at 
the level of arrival, and S(x’, x’’) is the shift of the arrival level 
at the point x’, caused by a delta-function disturbance in v at 
the point x”. Eqn. (56) is more easily understood by sub- 
stituting it into eqn. (53), giving the disturbance current density 


foe) 
(= = ea T(x VS(X’, 2° ox" dx” (57) 
(ope ats 

This satisfies the condition that the total disturbance current is 
zero. The shift function S can be obtained from graphical ray 
tracing. S is always negative, because an excess positive 
potential anywhere in the array will always shift the arrival 
point upwards, i.e. towards negative x’. S will monotonically 
increase with x’’. It is also evident that it will fall to very small 
values for x” corresponding to levels near to and above the 
point of arrival. A third, and the most important, property of 
S is that it is a slow function of x’ relative to the current-density 
function J(x’) in sharply focused spots. We can therefore 
approximately write S(O, x’’) instead of S(x’, x’) where x” = 0 
may correspond to the centreof the spot. This enables us to write 
the stability-determining equation (55) in the simplified form 
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Dr. J. D. Stephenson: The authors have presented a paper in 
which they describe the theoretical and practical problems 
involved in a task which industry would regard as very for- 
midable, but which the authors have attempted with the resources 
of a university post-graduate department. 

The solutions of the many and difficult electron-optical 
problems inherent in the authors’ proposals constitute an 
important contribution to our knowledge of this highly specialized 
branch of science. 

I agree with the authors that their proposals would be com- 
pletely uneconomic for black-and-white television presentation. 
In the case of colour, I am still very doubtful whether the pro- 
posed simplification of shadow mask and screen assembly 
compensates adequately for the intricate electron-optical system 
required. 

Indeed, I find some difficulty in commenting upon certain 
aspects of the paper because the authors propose the use of 
techniques which have been discarded long ago by industry as 
impracticable and unsatisfactory. 

In my opinion, the saving of space by the introduction of the 
reversing lens could well be sacrificed and use made of a con- 
ventional 110° or 130° magnetic deflection system. The variable 
deflection energy as the line traverses the screen would not be 
difficult of solution. 

The number of variables which influence the spot size and 
shape is eight if we include the magnetic collimator. If we add 
the numerous trimmers referred to but not described or shown, 
we get some idea of the possible difficulties in reproducing such 
tubes. I am reminded of a story from America of the colour- 
television set with 33 knobs, the adjustment of any one of which 
only made the picture worse. 
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aes | v(x’ )dx’ -| S(O, x’ )v(x’ dx’ | = Lae )dx’ (58) | 


i : | 


i.e. as the product of two integrals. 

It would take us too far to discuss the general question of le 
stability, i.e. the question of whether, and how fast, the beam)» 
will eliminate disturbances of uniformity along the whole array./y 
such as may have been caused by imperfections in the recharging|s 
of the array after the previous scan. We can, however, easily’) 
show that only ‘short-wave’, abrupt, disturbances will affect the 
beam, and will be affected by it. In the integral 


MKC) F A 
| ae a U(x’, tdx a 


the first factor goes through a maximum and a minimum) 
with a change of sign between, inside the spot width. If the 
second factor v(x’, t) is a relatively slow function, the integra’ 
will not depart appreciably from zero. Only if at some instant i 
the spot passes through a zone in which the disturbance changes: 
its sign with the first factor can the right-hand side of eqn. (58) 
become appreciable, positive or negative. This means that the 
spot, so long as it is sharply focused, will not appreciably affec’) 
the field #(x) of disturbances, nor will it be permanently affectec” 
by them, because it will leave them behind. This answers the 
second question raised at the beginning, of whether a sligh’ 
distortion in the launching field (near the C-plate) will pers 
manently affect the beam. The answer is in the negative | 
There will be no growing instability, at any rate not within the 
limits of the linearized small-perturbation theory. 


The self-scanning device is one of the principal features of the 
authors’ work, and it is certainly the most original. Mord! 
clarification of the principles involved and much experimenta/ 
verification would be required before I could be convinced of the 
reproducibility of such a scanning system. The manufacture o} 
this scanning system is formidable in itself and the authors) 
proposals in Section 9 appear to be far from practicable ir}: 
this respect. M4 

The second part of the paper describes the work done by the 
authors in solving the technological problems associated witk) 
the manufacture of the tube, and I would like to comment or) 
certain of their proposals as follows: 


(i) The all-glass version shown in Fig. 1 could not, in my. 
opinion, be made without the risk of implosions, particularly) 
when one considers that a 21in picture would require a tube 
about 24 in square. 

(ii) The actual manufacture of the tube, with its intricate 
gun system, magnetic collimator and associated coils, reversing’ 
lens and scanning system, would be an impossible task wit 
regard to thermionic emission, life, and shelf life. In my 
opinion, the device could work only as a continually evacuaia 
system, or with some replenishable gettering device. 

(iii) The authors’ methods for phosphor-layer preparation 
and the rather liberal use they make of silicon varnishes haw 
been tried and discarded long ago as impracticable anc 


unsatisfactory. 


In conclusion, I would add that the television-tube manu 
facturing industry would require much discussion upon each o- 
the numerous problems which present themselves, before being 
able to give anything in the nature of a positive ‘yes’ to the 


possibilities of producing such tubes. I am nevertheless full of 
jadmiration for the ingenuity, abilities and zeal of the authors; 
am doubtful of any practicable propositions in the near future 
resulting from their efforts. 

Mr. G. G. Gouriet: The tube described in the paper bears the 
mark of many revolutionary inventions of the past, inventions 
which may not at the time have fulfilled a pressing need, but 
which nevertheless blazed the trail for future progress. This 
ube is as different from the conventional picture tube as is 
the turbo-jet engine from the conventional petrol engine, and 
indeed the difficulties encountered would seem to have been of a 
similar magnitude. 

I do not think that such research requires justification at all, 
yand I was rather surprised to hear colour television mentioned 
yin this connection. It is probably true that the one thing above 
jall retarding the progress of colour television is the cost and 
complexity of the colour tube and its ancillaries. We still 
require a cheap and simple display device, and I do not think 
(hat the advantages of the authors’ tube lie in this direction. 
Would the fact that the scanning beam itself is used to produce 
whe field scan introduce a difficulty with regard to control of 
srightness? Perhaps some additional circuit would be required 
)e provide brightness control without affecting the scan amplitude. 
Do the authors think that this tube will be able to provide 
he size of picture which can be obtained with large conventional 
subes? Would it be feasible, for example, to have a screen of 
24 in diagonal? 

Finally, taking into account the long path over which the 
electron beams must travel and the complexity of the electron 
optics, is it not likely that a small amount of distortion of the 
wlements owing to change of temperature will have a pronounced 
‘fect on colour registration ? 

Dr. M. E. Haine: Apart from the basic invention, which 
jepresents the height of ingenuity, one of the most outstanding 
atures of this development is the remarkable perseverance 
ound ingenuity which has gone into solving the very difficult 
“-dimensional electron-optical problems. It should beemphasized 
that the solution of these problems has not just involved first- 
-prder trajectory plotting. It has been necessary to calculate or 
\letermine and compensate some higher-order aberrations. It 
jvould be useful to know more about the actual methods used 
vind the order of accuracies determined. 

| Ishould like to know what the authors think about the possi- 
bility of eliminating the reversing lens and putting the electron 
yun on the top or bottom of the tube, using conventional 
nagnetic deflection for the line scan. This was suggested in the 
varly days of the development. The difficulties were pointed 
vat, and they were fairly obvious, but that was before the 
/ollimator lens was introduced. The presence of the collimator 
Svould appear to make the suggestion more practicable, thus 
‘ffering a considerable mechanical simplification without detrac- 
ning seriously from the flat-tube conception. 

Perhaps the authors would indicate in more detail the limita- 
yions imposed by the use of fewer bars in the scanning array. 
»American workers seem to have produced a very useful raster 
f high definition, using a very limited number of bars, and I 
“™m not quite clear why the authors wish to use such a large 
hember. 

| Mr. T. Kilvington: I was rather disappointed to learn that this 
la: tube would be more expensive than conventional tubes. 
‘be various parts of the tube do not appear to be too difficult 
» manufacture and should be amenable to mass production; 
«nm! we have been assured that extremely close tolerances are 
© required. Could the authors say what are the particular 
.2etures that will increase the cost? 

_do not agree with the statement in Section 4 that a colour 
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tube with 400 lines is sufficient for the reproduction of a 625-line 
signal. It is well known, of course, that with any system only 
about 60 or 70% of the theoretical definition in the vertical 
direction can be obtained. This is inherent in the scanning 
method and the information is lacking in the electrical signal 
that represents the picture. If the picture is now reproduced 
on a device that is only capable of reproducing 400 lines there 
must be a further degradation of vertical definition. 

The greatest disappointment is the fact that we have not seen 
a television picture reproduced upon the tube. Could the 
authors say whether the American flat tube to which they have 
referred has, in fact, been used to display a standard television 
picture? 

Certainly if this tube can be developed and brought to fruition 
it will alter the shape of television sets to come. About a year 
ago in a discussion in this Lecture Theatre a speaker said that the 
size of the television screen was limited by the width of the door 
in the viewer’s home. If this tube goes into production it will 
no longer be limited by the width of the door but by the height! 

Mr. P. S. Carnt: There are two observations I should like to 
make on this tube. The first is that the colour version has 
apparently only one modulation electrode per gun. In a colour 
receiver of the N.T.S.C. type this means that the number of 
different circuits which can be used is quite severely restricted, 
and those which can be used are liable to be rather unsatisfactory 
from the point of view of the picture quality. 

If two modulating electrodes per gun are available, such as 
in the shadow-mask tube, the tube itself can be used as a con- 
venient matrix to add the wide-band luminance signal to the 
narrow-band colour-difference signals. 

On the other hand, if only one modulating electrode per gun 
is available, the signals required are inevitably red, green and 
blue, each of which must have a wide-band frequency response 
to preserve the definition of the total luminance. This requires 
a wide band and therefore a low-impedance matrix, which 
would call for considerable power in the case of high-level 
demodulation. High-level demodulation, which is a convenient 
and stable decoding technique, would therefore be uneconomical. 

The alternative is low-level demodulation followed by three 
separate video-frequency amplifiers, one for each colour. Such 
an arrangement inherently provides a poor grey scale which is 
likely to drift. 

Another rather more elementary point is that, from the 
demonstration given, the frequency of the frame scan was of 
the order of 0-1c/s. This is about three orders down on what 
is required in practice, and to say that this is a small step is 
rather like saying that to ride a bicycle at 18m.p.h. is very 
nearly the same thing as orbiting the earth at 18000 m.p.h. 

Mr. C. L. Hirshman: With regard to the question of charging 
and discharging their array, if we take a practical requirement— 
that we would, say, require a picture size of not less than 
16in x 12in with, say, 16kV—the scanning array might have a 
total capacitance of not much less than 300-350pF. In the pro- 
posed tube the beam moves across the screen to produce a line 
and has to carry out a discharge during part of the flyback time. 
Even if we allow about one-third of the line flyback time for the 
discharge, which would increase the line-scanning power con- 
siderably, I estimate that it would need a peak current of about 
4mA, which would be very difficult to obtain. 

About the same current is required for a rectangular-frame 
charging pulse, but matters could be even worse if we used a 
square waveform of 50% duty cycle for charging. A peak 
current of about 8mA could then be required. 

It seems that the authors’ proposal for five cathodes in a 
common gun structure does allow two of the cathodes to have a 
higher current density, but it still restricts the time available 
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during which they can be used. It might be better to provide © 
three separate guns (the beam of only one of the guns being 
deflected) so that there was one gun for providing the picture 
information, one for providing the line discharge and another 
for providing the array charge. 


THE AUTHORS’ REPLY TO 


Prof. D. Gabor, and Drs. P. R. Stuart and P. G. Kalman (in 
reply): Dr. Stephenson, as well as Dr. Haine, favours a design, 
in which the reversing lens is abandoned. It would be roughly 
of the shape of a hand mirror, with 110° or even 130° magnetic 
deflection followed by a collimator. This is certainly a feasible 
design: it would empty the tube of all non-conventional elements 
except the scanning array, because the magnetic collimator, as 
well as the magnetic deflector, could be arranged outside the 
envelope; and it would make outgassing of the gun easier and 
the tube would become even thinner. The height, on the other 
hand, would be almost doubled. It would be of interest to make 
comparative price estimates and to probe the reactions of the 
public. 

We are not in a position to give estimates of the baking time, 
cathode life and shelf life. The ‘built-in’ gettering device men- 
tioned by Dr. Stephenson may well become of practical interest. 
An X-ray tube has just appeared on the American market which 
has not been baked in the exhaust at all but contains a built-in 
‘ionic pump’. This may be the answer also to his doubts raised 
about the use of silicone varnishes in a vacuum device. It may 
be mentioned though that, in our experience, the silicone known 
by the trade name of MS994 can be completely outgassed at 
400°C, and that a valve containing a silicone-varnished glass 
fabric has recently come into practical use in the United 
States. 

According to our information, the method of settling phos- 
phors on the screen through the holes of the shadow mask has 
been discarded, not because it fails to produce sharply delineated 
and uniform patterns, but because in conventional shadow- 
mask tubes the dot-pattern on the screen is not identical with the 
hole-pattern in the shadow mask, and must be derived from it by 
a rather complicated projection method. 

We quite agree with Mr. Gouriet that it may be advantageous 
to provide one or two separate cathodes for producing the 
scanning beam, so that the scanning circuits can be completely 
separated from the brightness-modulation circuits. 

A question raised by Mr. Gouriet, as well as by Dr. Stephenson, 
is the realizability of large screens, such as 24in square. A 
toughened-glass plate of 4in thickness of this size will with- 
stand a pressure of 3atm, and its cost is less than that of a 
moulded cathode-ray-tube cap of the same size. If one wanted 
to make even larger screens, they ought to have cylindrical 
curvature. The reversing lens and the collimator can be modified 
without difficulty for producing a cylindrical instead of a plane 
principal-ray surface. With regard to distortions by tem- 
perature, local temperature differences which could produce 
such distortions can arise only in the shadow mask, and this is 
securely anchored to the glass screen. 

The electron-optically interesting problem of third-order 
aberrations, raised by Dr. Haine, is under revision, because 
recently we have succeeded in reducing them to a small fraction 
of their previous value. The theory is rather complicated, and 
not yet complete. 

It is quite correct that W. Ross Aiken has succeeded in pro- 
ducing a frame scan with only slight periodic errors with only 
7 bars in the scanning array instead of the 80 in our tube, and it 
is estimated that 16 bars would be sufficient to make the moiré 
pattern invisible. Our preference for the larger number has 
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I should like to query the use of the metal container whick 
involves the cathodes being at not less than, say, —16kV. I i 
seems that the cost and the circuit complications of such ar 
arrangement are prohibitive, and one should really consider an 


all-glass envelope. 


THE ABOVE DISCUSSION 


two reasons. One is that, in the colour tube, we must operatt: 
with a wide beam, and the periodic changes in incidence anglt| 
arising from the change-over from one bar to the next woul 
produce a periodic colour change which would be very dis) 
turbing. The other is that the self-scanning principle does no 
operate well with a small number of bars, owing to the secondary 
electrons which jump from one bar to the one below it, and tena) 
to wash out the wavefront. On the other hand, we are no 
restricted in the number of bars, as we do not take them outsidi’ 
the vacuum envelope. 

In reply to Mr. Kilvington, it is quite likely that a televisioi 
set with a flat monochrome tube will ultimately be cheaper thai 
present-day sets, by the savings in the circuits, the cabinet anc 
transport costs. The tube itself; however, is at a disadvantag 
because the conventional tube contains almost nothing—just 4 
screen, a gun and vacuum. 

We agree that a colour raster of 400 lines falls short of th 


practice. There is some loss, but it was preferable to accept i 
rather than increase further the number of raster holes or grii 
wires, which would mean, of course, even more restrictei)) 
tolerances in the manufacture. With our shadow-mask tech» 
nique there is no such limit, and we could produce 80, an) 
perhaps even 100, lines per inch. 
We regret that we were not in a position to show a televisio: i 
picture, while W. Ross Aiken produced them several years age; 
Our progress was slower, not only because of the natural limita) 
tions of an academic laboratory, but because we believe i} 
solving certain problems by electron-optical improvements. 
which, in the Aiken tube, are solved by circuit techniques, an} 
electron-optical development is slower than circuit work. } 
In principle, it is possible to use the N.T.S.C. system with purl) 
cathode modulation, but we agree with Mr. Carnt that it ma’ 
be of advantage for the circuit engineer to add two extra grid . 
for gamma correction of the red and blue beams. This can bj 
done without difficulty. 
The last point raised by Mr. Carnt was answered in a demor}; 
stration after the discussion. In the demonstration before th} 
discussion we showed a slow run-down, to prove that the lin 
was not ‘washed out’ during the scan and that the scanning spee|) 
could be modulated by the beam current. In the second demorg 
stration the current was raised to about 1mA, and the fram) 
scanning speed was of the order required in practical operatior! 
We agree with Mr. Hirshman that, with array capacitan f 
of the order of 300-350pF, the scanning currents require) 
become rather large. One way of reducing these is to increas): 
the spacing between the array and the base-plate. This does nec’ 
mean increasing the tube depth, because it is sufficient to witt 
draw the base-plate at the two sides of the gun. But the sug 
gestion of two extra guns for scanning also deserves seriov : 
consideration, because their advantages for the circuit enginec 
might outweigh their extra cost. 


" 
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We also agree with Mr. Hirshman that operation with a/ 


earthed screen has great disadvantages, and we intend to chang | 
this in our next model. However, this does not necessarily mea 
an all-glass envelope, but merely a front glass plate. someminnl 
larger than the screen. 
} 
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SUMMARY 


Loudspeakers used for monitoring purposes in broadcasting and 
srecording studios are designed to give the nearest practicable approach 
‘to realistic reproduction. The paper discusses the various criteria 
which can be applied to the performance of such loudspeakers; together 
with the relationship between the measured free-field characteristics 
sand the response as subjectively assessed in the working environment. 

While the degree of realism achieved in sound reproduction can 
jonly be judged aurally, even subjective assessments can be misleading 
unless carried out under controlled conditions and with clearly defined 
2terms of reference; the precautions necessary in such tests are discussed. 
Some of the less obvious design considerations are reviewed and 
‘illustrated by examples. 


() INTRODUCTION 
(1.1) Functions of a Monitoring Loudspeaker 


Broadcasting and recording organizations use high-quality 
sloudspeakers to assess the aesthetic and technical merits of the 
{programme material which they originate and to guide them in 
‘the control of such variables as the placing of artistes and 
“imicrophones in the studio. It is sometimes suggested that 
“monitoring of this kind should be carried out with loudspeakers 
yof mediocre quality, such as are used by the majority of the 
jpublic, the implication being that the programme material ought 
jto be modified as necessary to offset the shortcomings of these 
sinstruments. In fact, the various types of low-grade sound- 
Jteproducer, while having certain features in common, differ so 
much in many respects that attempts to compensate for the 
\characteristics of one lead to unnecessarily poor reproduction 
pwith another. Moreover, the occasional presence of fault con- 
ditions, to which every system is liable, is most noticeable with 
thigh-grade reproducing equipment, and it is clearly undesirable 
‘that the existence of technical faults should become apparent to 
“veven a minority of listeners while remaining unobserved by the 
operating staff. Finally, if progress in the science of sound 
‘itransmission is to continue, the technical equipment concerned 
“vin originating the programme should have a higher standard of 
“eperformance than that employed in reproducing it, since the 
-former can be replaced only at long intervals while the latter is 
wmore frequently renewed and can more easily be kept up to 
jidate. It is therefore customary for loudspeaker systems 
employed for monitoring purposes to be made as free as 
“possible from technical defects. There must be, however, a 
iimit to the degree of elaboration to which it is proper to go; 
‘fer example, the use of two or more separate loudspeakers to 
"ve a pseudo-stereophonic effect would be completely unrealistic 
tai the present time. Moreover, even a broadcasting or recording 
so*ganization must limit the size and cost of its listening equip- 
ment. In practice, a monitoring loudspeaker is intended to 
“reoresent the best product of its kind which could be used by a 
#ember of the listening public, assuming an outlay comparable 
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with that of the high-quality radio-receiving and record-repro- 
ducing equipment required to do justice to it. 


(1.2) Scope of Paper 


Although considerable literature on various aspects of loud- 
speaker design exists, the fundamental question of the require- 
ments to be met by the finished article is less fully documented. 
A large part of this survey is therefore devoted to the various 
performance criteria, subjective as well as objective, which have 
from time to time been proposed. Various means of meeting 
present-day requirements are also discussed. It should be 
emphasized, however, that at present no clear-cut solution is 
possible. It is not the function of the paper to add to the 
already long list of publications advocating particular methods 
of achieving the desired result; the examples cited are intended 
solely to illustrate some modern trends of development and to 
show the limitations, as well as the possibilities, of particular 
lines of approach. 


(2) CRITERIA OF LOUDSPEAKER PERFORMANCE 
(2.1) Terms of Reference 


It is assumed that the ideal to be aimed at in sound reproduc- 
tion is realism, ie. that the sound pressures produced at the 
observer’s ears should at any moment be equal to those which 
would obtain if either the original source of sound were brought 
into the listening room, or the observer were transported to some 
designated spot in the vicinity of the sound source. It should, 
however, be appreciated that, while the first condition might 
conceivably be produced if the geometry of the reproducing 
system bore some relation to that of the original sound source, 
the second, which is the one required for the majority of pro- 
gramme items, is fundamentally impossible to achieve—at all 
events, by a single loudspeaker.* It would require that the 
sound reaching the listener’s ears from every direction should be 
related to the acoustic properties of the studio or concert hall 
but not to those of the room in which the loudspeaker is placed. 
The characteristics of a loudspeaker required to give the nearest 
approach, from an observer’s point of view, to this impossible 
ideal depend upon subjective factors and cannot yet be pre- 
scribed from first principles. Fortunately, every broadcasting 
or recording organization employs a number of operating staff, 
whose daily activities involve listening alternately in studios and 
monitoring rooms and making critical comparisons between the 
sounds heard in the two places. Such observers are probably 
the best available judges of realism, and since their function con- 
stitutes them a species of consumers’ representative, it seems 
reasonable to regard them as the final arbiters. 


(2.2) Difficulties of Objective Assessment 


Since the product of loudspeaker reproduction cannot be 
objectively defined, all that can be done is to specify those 


* Stereophonic or pseudo-stereophonic systems are excluded from this discussion. 
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characteristics of the vibrating and radiating system which are 
thought to be relevant to the final result. Few of these charac- 
teristics can be varied independently of the others, while some 
of them cannot be accurately reproduced in nominally identical 
specimens. As a result, deductions regarding the influence of 
the various factors on the subjective end-product are often very 
uncertain, and any advance in making meaningful measurements 
is a slow process of trial and error. The position could be 
improved by more frequent publication of experimental results 
by those able to produce significant data, so that a body of 
experience could be built up. A greater degree of standardiza- 
tion in methods of measuring and expressing the performance of 
loudspeakers is, however, desirable; in this connection, attention 
may be drawn to the British Standard! of 1954 dealing with 
this subject. 

The significance of the various measurable characteristics will 
now be discussed. 


(2.3) Effects of Environment and Directional Characteristics 


For the purpose of this discussion the term ‘loudspeaker’ 
includes the complete radiating system, comprising one or more 
vibrating diaphragms and some form of baffle or enclosure. It 
is a 3-dimensional device which is invariably small compared 
with the longest wavelength of sound to be radiated and large 
compared with the smallest. Its directional properties therefore 
vary widely with frequency; i.e. its frequency response varies 
widely with the direction of radiation. In general, loudspeakers 
are used indoors, so that much of the sound reaching the 
listener arrives indirectly, after having been radiated in various 
directions and reflected from the boundaries of the room, being 
further modified in the process through the variation of reflection 
coefficient with frequency. By some process not fully under- 
stood, the listener is able without conscious effort to integrate 
all the resulting stimuli into a single impression. It is clear, 
therefore, that any attempt to predict from the free-field charac- 
teristics of a loudspeaker the frequency response as it appears 
to the listener must take into account the radiation in various 
directions. For simple cases, where the relationship between 
the frequency characteristics for various angles of radiation is 
fixed, empirical rules, based on subjective assessment, have been 
formulated. Thus, McMillan and West? adopted the mean 
spherical response as a criterion; they described a loudspeaker, 
having a 7 in diameter cone, in which the mean spherical response* 
was held constant with frequency by making the axial frequency 
characteristic rise by about 24dB per octave. This principle is 
not, however, universally applicable, and experience with loud- 
speakers covering frequencies up to 10kc/s or above suggests 
that, if a single quantity representing ‘effective’ response is to 
be found at all, it will lie somewhere between the axial and mean 
spherical response. Such a quantity could be obtained by 
carrying out a modified spherical integration at each of a number 
of frequencies, taking zones concentric with the loudspeaker 
axis, and applying some weighting function which would give 
the front response more prominence. The measurement could 
be economically undertaken by using the normal equipment for 
tracing directivity patterns with the addition of a suitable signal- 
integrating device.3 

Deduction of the effective frequency response of a loudspeaker 
from its free-space characteristics usually involves the tacit 
assumptions that complete diffusion of sound energy exists, and 
that the reaction of the reflected sound upon the loudspeaker, as 
manifested by changes in the acoustic impedance presented to 
the latter, may be neglected. These assumptions become invalid 

* The term ‘mean spherical response’ in acoustics relates to the total acoustic 


power output from a sound source and is analogous to the term ‘mean spherical 
candle power’ used in optics. 
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at wavelengths comparable with the dimensions of the room; i 
where these dimensions are small, the sound level below 100 cfs by 
is difficult to predict, and it may be desirable to adjust the low-/ 
frequency characteristics of the loudspeaker to suit local con- |) 
ditions. It should also be pointed out that most monitoring |) 
loudspeakers are required to operate in a variety of positions, 
so that devices such as corner horns, which can only function at 


particular places in the room, are unsuitable for general use. 

So far, the question of directional characteristics has been 
considered only in relation to the apparent frequency response ti 
of the loudspeaker/room combination. However, the final(: 
result as assessed by the listener also includes the apparent “aa 
and position of the sound source; this attribute of a loudspeaker 
cannot be directly specified, but is likewise a function of the 
directivity pattern. Single-cone loudspeakers of conventional 
construction become increasingly directional with increasing fre-)) 
quency, and in rooms of average reverberation time give the’ 
impression of a clearly localized small source of sound. Less» 
directional loudspeakers produce more reverberant sound in the | 
listening room and give a more spacious effect; and with a nearly | if 
omnidirectional system the source appears to be distributed over 
a wide area. It by no means follows, however, that omni- + 
directional radiation at all frequencies represents the ideal con-) 
dition. From subjective experiments with loudspeakers of 


concluded that the preferred form of polar distribution was that ; 
of the original source of sound. Further subjective studies are) 


now required to decide on the best compromise for all purposes. 


(2.4) Significance of Broad Trends in Response 
(2.4.1) General. 


Because of the irregular nature of loudspeaker frequency © 
characteristics, which commonly exhibit local fluctuations of) 
+5dB or more about the mean, the effects of smaller deviations 
in the broad trend of the response, such as would be considered): 
significant in other parts of the transmission chain, are often) 
underrated. Changes of +2dB or less in the general trend or) 
in the relative level of certain critical frequency bands can be™ 
detected in whatever part of the transmission chain they occur;/ 


for example, two frequency characteristics, each within +2dB) 
of uniformity but one increasing slowly and the other decreasing | 
slowly throughout the range, give distinctly different subjective). 
effects. It is therefore convenient to consider the broad trends » 
in the response of the system, averaged over a series of frequency | 
bands by the use of wide-range warble tones or bands of noise;}) 
in dealing with derived quantities such as the mid-band sensitivity | 
or the mean spherical response, such an approach may in any © 
case be necessary on practical grounds. For instrumental | 
reasons, the accuracy with which the details of a frequency): 
response curve can be delineated is often little better than +2 dB.) 


However, many of the errors to which this type of uaa 
L 


D 


is subject are absent for a noise-band test, in which results can 
usually be repeated to better than 4 dB; such tests are of practical 
value for routine maintenance, since valid comparisons between |) 
loudspeakers of the same type can be made in a ‘live’ room. 


(2.4.2) Significance of Specific Frequency Bands. 


Experience with loudspeakers of known characteristics, supple- | 
mented by experiments on raising or lowering the response in - 
specific regions by means of band-pass or band-stop circuits, ? 
enables the subjective effect of an excess or deficiency to be 
predicted. Many of the conclusions to be drawn from such | 
experience are too well known to require recapitulation; two, | 
ee are worth mentioning because of their bearing “7 

esign 


If a progressive decline in response with increasing frequeney | 


Sp TY PEE 


RESPONSE, dB 


Fig. 1.—Typical defects in upper-frequency response. 


‘s followed by an increase, giving the type of characteristic 
ustrated in curve (a) of Fig. 1, the upper frequency range will 
we heard to stand out in unnatural relief, even though the 
esponse may nowhere rise above the mid-band level. It should 
e noted that this form of frequency characteristic modifies the 
wpectrum of the reproduced sound in a way not experienced 
when listening to natural sounds. Progressive attenuation with 
(ncreasing frequency is an everyday occurrence—it is experienced, 
‘or example, when listening to sound which has travelled round 
a corner—but, apart from isolated cases of specular reflection, 
selective reinforcement of the upper frequency range does not 
ppear in nature. ~ Even a shelving characteristic, such as that 
whown in curve (5) of Fig. 1, can give the effect of a ‘dis- 
smbodied’ high-frequency output, a result which could be 
sxplained on the assumption that the energy spectrum is sub- 
vectively analysed into a continuously falling curve (c) of Fig. 1, 
iwith the addition of a secondary curve, (d). The above remarks 
‘naturally apply to some extent to the sound radiated in all 
“Mirections and it seems to be a safe rule that the ear, in integrating 
the characteristics for the various angles of radiation, will take 
in the most well-defined—which in practice means the worst— 
veatures of each. Unfortunately, the off-axis frequency charac- 
yeristics of wide-range multi-radiator loudspeakers are particu- 
arly likely to be of the humped or shelving type shown in 
wurves (a) and (4), even though the axial characteristic may 
»e flat. 

| The second observation concerns the critical nature of the 
“requency band in the region 24kc/s, the level of which, 
telative to the remainder of the spectrum, has a pronounced 
iiffect upon the apparent auditory perspective. Deficiency in 
‘this band gives a distant impression; slight excess gives a for- 
~vard quality, sometimes referred to as ‘presence’. The tonal 
wjaality associated with extreme deficiency or excess in this 
egion ranges from hollow, or distant, to hard or metallic.* 
This complete gamut of effects can often be passed through 
«ch a change in level of plus or minus a few decibels in the 
waud concerned. With most cone radiators designed to cover 
the lower-frequency range the response in the 2-4kc/s region is 
ficult to control and often varies widely in manufacture. To 
'e ain consistent performance in production, therefore, it is 


’ © Such expressions as these may seem out of place in a technical context. They 
‘re however, typical of the terms in which the end product of a sound-reproduction 
ty «mis described by the observer, and when employed by individuals known to be 
yay “ble of consistent judgment must be treated with respect. 
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desirable in multi-unit loudspeaker systems, first, that the first 
cross-over frequency should not be higher than 2kc/s, and 
secondly, that means should be provided for adjusting, in steps 
not greater than 2dB, the relative levels of the signals applied 
to the high- and low-frequency units to compensate for produc- 
tion variations in sensitivity. 


(2.4.3) Overall Slope of Response Characteristics. 


It is often tacitly assumed that, for the highest degree of realism 
in sound reproduction by a single loudspeaker, the axial response, 
the mean spherical response or some intermediate quantity 
ought to be held constant with frequency. This assumption is 
not always supported by subjective judgment. Observers who 
with one type of loudspeaker prefer an axial response rising 
slightly with increasing frequency may demand with another type 
that the axial characteristic, and hence all other characteristics, 
should fall. The desire for a reduced high-frequency output 
is often expressed when the frequency response curve in the 
upper part of the range is not smooth; in other cases, the varying 
preferences may be connected with the directional characteristics. 
Again, with loudspeakers of conventional directional properties, 
a uniform axial frequency response is necessarily accompanied by 
a considerable increase in total sound output at the lower fre- 
quencies; this increase is seldom regarded as excessive and is 
sometimes felt to be insufficient. The demand for an overempha- 
sized low-frequency response may be partly accounted for by the 
apparent weakening of the lower-frequency components which is 
observed when a sound is reproduced at a level below that of the 
original. However, in view of the complexity of the factors on 
which the illusion of reality depends, varying preferences such as 
those referred to need occasion no surprise and it seems unprofit- 
able to be dogmatic on the subject. The only firm conclusion 
which can safely be drawn is that with wide-range loudspeakers 
of conventional directional characteristics a flat axial response 
may be acceptable but a flat mean-spherical response is 
intolerable. 


(2.5) Frequency-Response Irregularity and Related Criteria 
(2.5.1) General. 

So far, attention has been concentrated on broad trends in 
the frequency characteristics such as would remain after 
averaging the response over bands of, say, 4-1 octave. Per- 
formance criteria based on such a smoothing process represent 
a minimum requirement. Clearly, the response within each 
band should vary as smoothly as possible with frequency; the 
permissible degree of fluctuation has, however, always been open 
to doubt. Much of the published work on this subject is con- 
cerned with the relationship between the frequency response of 
the system and the time response as shown by the reproduction 
of transient signals; it will therefore be convenient to survey 
these two subjects together, along with the closely connected 
subject of phase distortion. 

Most of the detailed studies of frequency characteristics have 
treated the loudspeaker as a minimum-phase-shift device; in such 
a case, supplementary measurements of phase shift or transient 
response could be undertaken for convenience but would in 
principle be unnecessary. The practical limitations imposed by 
the minimum-phase-shift assumption will be discussed later. 


(2.5.2) Transient Response. 

The direct observation of transient phenomena in loudspeakers 
has been the subject of a number of publications. Early investi- 
gations were carried out by McLachlan and Sowter, using a unit- 
step signal, and in 1937 Helmbold,> using an interrupted tone, 
was able to demonstrate the relationship between build-up time 
and steady-state frequency response. 
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Some years ago the author suggested® that, since correlation 
between subjective quality and frequency-response irregularity 
was still unsatisfactory, the interrupted-tone testing method 
should be extended to the later stages of the transient, the form 
of which can in simple cases be related to the smaller fluctuations 
in the frequency characteristic. Attention was concentrated on 
the decay transient, the envelope of which had been found at 
particular frequencies to take the form approximately represented 
in Fig. 2(a). The slowly decaying tail presumably represents 
the sound output from some resonant element having relatively 


STEADY-STATE AMPLITUDE 


EXPONENTIAL DECAY 
WITH DECAY FACTOR A, 


EXPONENTIAL DECAY 
WITH DECAY FACTOR A, 


ENVELOPE AMPLITUDE 
(LOGARITHMIC SCALE) 


FREQUENCY 


(6) 


Fig. 2.—Methods of representing response of multiple resonant system 
to interrupted tone. 
(a) As a function of time. 


(b) As a function of time and frequency. 
(c) As a 3-dimensional model in time and frequency. 
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little damping; this sound can thus be regarded as having beer 
diluted by the main sound output in the ratio Ag : Ag, which, it 
conjunction with the two decay factors A; and A), serves as i| 
useful quantitative index to the transient behaviour of thi 
system. At the cost of some instrumental complication, the 
data obtained from oscillograms can be presented as a function 
of the frequency of the interrupted tone. To this end the cych: 
of interruption is repeated at short intervals while the frequeng 
is slowly varied and the envelope amplitude A,, appearing a 
time f, after the start of the decay, is plotted; the same process)» 
repeated for times 4, f3, etc., gives a family of curves, of thi 
form shown in Fig. 2(5), which exhibit peaks at the variou)) 
frequencies of resonance. This presentation can be used eve: 
where the decays are not exponential. The information show 
in Fig. 2(b) can also be presented as a 3-dimensional mode) 
representing amplitude, frequency and time; Fig. 2(c) shows sucl/: 
a model constructed from experimental data. i 
Following the same approach, Corrington,’ in the United 
States, showed experimentally the connection between variou|” 
modes of cone resonance, the associated transient phenomeni 
observed with an interrupted tone signal and the correspondin;) 
fluctuations in the frequency characteristic, many of which, i+ 
the examples given, were less than 1 dB in extent. As a seque b 
to this work, an ingenious electronic device was designed® ti 
interrupt the test tone at intervals corresponding to a prescribe«” 
number of cycles and to record, as a function of frequency, th, 
mean sound output registered during the nominally silenl 
periods. From the results, it was suggested®: 9 as a criterion tha’ 
the mean sound pressure during the first 16 cycles of the decay 
transient should not exceed some 12% of the steady-state presi: 
sure at the same frequency. 
In contrast to the methods just described is the work o 
Hentsch!® and Seemann,!! in Switzerland, on the influence of} 
irregularities in the frequency characteristic. Seemann propose 
some empirical rules, based on subjective experiments wit) 
interrupted tone passed through various resonant circuits any 
filters and presented to the observers by high-quality earphones) 
he concluded that, inter alia, irregularities in frequency respon b 
: ; y 

up to +2dB are imperceptible. | 
The various lines of approach outlined above have more i 
common than may at first appear. Consider a case in whic)! 
irregularities of +2dB, i. approximately +25% about th 
mean response curve, are caused by the presence in the loud) 
speaker system of a series of subsidiary resonant elements, th 
maximum output from each element being 25% of the mea 
output and either in phase or in antiphase with it.© The ta! 
of the transient will then start its decay with an amplitude A> 
which is 0:25 of the mean steady-state sound pressure in th, 
frequency region concerned. Let it now be assumed, fe 
example, that the final rate of decay is 1 dB/millisec (A, = 115 ; 
a figure which lies roughly in the middle of the range encountere | 
in practice and within one order of the extreme values—and the 
A, > Aj; it is then readily shown that at 1 kc/s the average lev. 
of the transient tail taken over the first 16 cycles is 0-48A/ 
or 0-12 of the mean steady-state pressure. In the exampl 
given, therefore, the frequency response which just satisfie) 
Seemann’s criterion of +2dB is associated with a form ¢ 
transient which just meets the 12° requirement laid down b 
Corrington. i 


Se 


(2.5.3) Effect of Non-Minimum-Phase-Shift Condition. 


In all the work described in the last Section, frequency 
response irregularity and transient distortion existed simu 
taneously and no attempt was made in the experiments t. 
introduce the one without the other. In any system to whic 
the minimum-phase-shift condition does not apply, the tw 


—-. 
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attributes can, of course, be independent of each other, but little 
yinformation is available on the subjective effect of varying them 
“separately. Hentsch,!° however, described some tests carried 
out with a series of all-pass networks, which allowed phase 
yshifts to be introduced into the transmission chain without 
jalteration of the frequency characteristic; the networks gave a 
aximum group delay, i.e. rate of change of phase with fre- 
(quency, up to 35 millisec at 524c/s but very little delay at other 
‘frequencies. Interrupted tone at 524c/s was passed through the 
‘delay networks and presented to the observers through high- 
quality headphones; the smallest perceptible group delay time 
was found to be of the order of 10millisec. Tests were also 
tcarried out with a simple resonant circuit tuned to a frequency 
fof 524c/s; a circuit of this kind, having a time-constant of 
‘about 2 millisec, was found to have the same—just perceptible 

—subjective effect as the all-pass system with a group delay of 
i0millisec. These results illustrate the limitations of transient- 
sresponse measurement when minimum-phase-shift conditions 
‘cannot be assumed. In such circumstances, however, the steady- 
state response/frequency characteristic is equally inadequate as 
n index of performance unless supplemented by the correspond- 
ving phase/frequency characteristic. 


Zi 


(2.5.4) Phase Distortion. 


Many cases occur in practice in which a loudspeaker imposes 
ven the reproduced sound a strong characteristic coloration, 
faithough the frequency response curve in the region concerned 
iis smooth and level or has been made so by electrical equalization. 
‘These loudspeakers presumably cannot be regarded as minimum- 
iphase-shift devices, and consideration of their phase distortion is 
vindicated. Measurement of phase distortion in loudspeakers has 
‘hitherto received little attention, probably because of the instru- 
“ymental difficulties involved, though Ewaskio and Mawardi!? have 
‘ypublished some group-delay/frequency characteristics for single- 
and double-unit loudspeakers, together with the corresponding 
‘vamplitude-response/frequency characteristics. Measurements of 
this kind may ultimately provide the solution in otherwise 

intractable cases, but much further work will be necessary 
‘before the practical value of this approach can be properly 
yassessed. 


12.5.5) Effect of Interference. 


In the foregoing discussion it is tacitly assumed that sound 
‘from the various parts of the radiating surface reaches the 
ymeasuring point by paths of nearly equal length so that inter- 
ference effects are negligible. To achieve such a condition, even 
‘yon the axis of a small diaphragm, is less simple than might be 
axpected. Even though the radiation from the rear of the 
diaphragm is completely suppressed, interference can be caused 
“by reflection at the discontinuity formed by the edges of the 
‘enclosure. This effect, first demonstrated by Nichols!? and 
)Dlson,!4 may extend throughout the audio-frequency range; it 
x2an be minimized by mounting the radiating unit asymmetrically 
and by rounding or chamfering the front edges of the enclosure. 
A difficult situation arises when the loudspeaker consists of 
several units. Where each unit covers a different band of fre- 
\ quencies, interference is confined to the cross-over region. If, 
newever, two or more units are used to cover the same band—a 
“2:owing practice in loudspeakers intended to give wide-angle 
\vadiation at high frequencies—the effect will extend over a 
“iwider band and it may be impossible to find any point equidistant 
‘rom all the radiating surfaces at which to measure the response. 

As long as interference effects in free space vary with the 
“x sition at which the pressure measurement is taken and do not 
iif ect the average response of the loudspeaker over a wide band, 
«hy fall into the same category as interference effects produced 
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by reflections in a live listening room and may be relatively 
harmless. Some method of measurement which would auto- 
matically discount irregularities in the frequency characteristics 
arising from interference, while retaining enough information 
about irregularities arising from other causes, is therefore 
desirable. Meanwhile, it may be necessary, in investigating the 
performance of a multi-unit loudspeaker, to test each unit 
separately, if necessary in another enclosure. 


(2.6) Non-Linearity 
(2.6.1) General. 

The effects of non-linearity in loudspeakers differ from those 
occurring in most other parts of a sound transmission system 
in the manner in which they vary with the frequency of the 
signal. Apart from a gradual increase in distortion towards 
the lower end of the working frequency range, pronounced non- 
linearity often appears in a series of very narrow bands,'> so 
that measurements are laborious and the results are particularly 
difficult to interpret for a complex signal waveform. It is 
therefore not surprising that the literature on the subject is 
concerned more with the description of methods of distortion 
measurement, illustrated by results for particular cases, than 
with systematic investigations to discover the maximum per- 
missible values. With some forms of distortion it would 
probably be easier, as well as more profitable, to remove the 
cause by appropriate design than to discover rules for assessing 
the effect. More information on the mechanism of the various 
forms of distortion in loudspeakers is therefore required; to 
obtain this information various refinements of measuring tech- 
niques may be necessary. 

Measurements of non-linearity in loudspeakers at discrete fre- 
quencies are of limited value unless these frequencies are chosen 
by ear, using a gliding-tone signal. Ideally, distortion should be 
measured as a continuous function of frequency, and this can be 
done by heterodyne methods or by switching filters. 


(2.6.2) Application of Harmonic and Intermodulation-Distortion Tests. 


In single-tone distortion testing, it is advisable to measure the 
individual harmonics, since loudspeakers are prone to a type of 
non-linearity!® which is more offensive to the ear than the total 
harmonic content would suggest. Such distortion can arise 
when some vibrating element, e.g. the cone surround, is in 
resonance and reaches the limit of its excursion while the rest of 
the moving system is still operating linearly. 

Fig. 3 shows an example of a harmonic-distortion measure- 
ment on a loudspeaker made by means of a gliding-tone 
heterodyne analyser’ The signal at the input of the associated 
amplifier was held constant with frequency at such a value as 
to produce at 400c/s and at 4ft 6in distance an axial sound 
pressure of 10dyn/mc? r.m.s. (94dB above the reference level, 
2 x 10-4 dyn/cm). Fig. 3 shows the fundamental and har- 
monics up to the sixth in their correct relative positions on a 
decibel scale. The degree of distortion shown at the highest 
and lowest frequencies is not reached in practice, since the 
spectrum of normal programme material falls at the extremes 
of the frequency band,!7»!8 To cover all conditions it would 
be possible to repeat the distortion measurements at a series 
of different input levels. A less laborious alternative would 
have been deliberately to reduce the applied signal at high and 
low frequencies according to some law based on the spectrum 
of the programme; to this end it would be helpful if agreement 
on a standard law of attenuation could be reached. 

Harmonic-distortion tests cannot be extended to the upper end 
of the audio-frequency range, since many of the distortion 
products then fall outside the pass-band of the loudspeaker or 
measuring equipment; this limitation is not serious unless the 
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Fig. 3.—Fundamental and harmonics in output of loudspeaker excited with gliding tone. 


distortion produced by the loudspeaker or its associated amplifier 
increases at higher frequencies. Where it is important to test 
the linearity of the system up to the limit of the audio-frequency 
band, an intermodulation test with two gliding tones, of fre- 
quencies f; and f, (f, >/f;) and a constant difference f, — f;, 
may be applied. Fig. 4 shows the results of such a test on the 
loudspeaker of the last example. The amplitude of each tone 
was 1/\/2 of the amplitude of the single tone in the harmonic 
measurement and f, —f,; was 120c/s. The curves show the 
relative levels of the fundamental signals and the intermodulation 
products having frequencies f, —f), 2f; —/, 3f; — 2f) and 
4f; —3f,. It will be seen that in tests of this kind it is insufficient 
to take the difference frequency alone; on the other hand, the 
measurement of one or two of the higher-order products will 
probably give all the information that is required. 

In a more common form of intermodulation test, two tones 
widely separated in frequency are applied; the amplitude of the 
higher-frequency tone is generally made about one-quarter that 
of the lower-frequency signal! and the distortion is assessed in 
terms of the degree of modulation of the former by the latter. 
This type of measurement is primarily intended to indicate non- 
linearity at frequency f,, the signal of frequency f, being regarded 
as a pilot tone, the precise frequency and amplitude of which 
are unimportant, and which in itself creates no distortion pro- 
ducts. The method has the great advantage that the acoustic 
measurement can be confined to a small range of frequencies in 
the middle of the audio-frequency band. In an alternative 
scheme proposed by Ingerslev!® the two applied signals are of 
equal amplitude and the level of the intermodulation products 
is plotted as a function of f5, f; remaining fixed. The results of 
such a measurement must, however, depend on the degree of 
non-linearity existing at both f; and f,, and a number of tests 
would be necessary to identify the various sources of distortion. 


(2.7) Methods of Subjective Assessment 
(2.7.1) General. 


The subjective assessment of loudspeaker performance might 
appear to be a simple and straightforward operation and was 
once so regarded. It was common practice to judge loud- 
speakers by their reproduction of a variety of transmitted 
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Fig. 4.—Fundamental and intermodulation products in output o 
loudspeaker excited with two gliding tones of equal amplitud: 
having a constant frequency difference. 


programme material without reference to the original sound! 
sometimes the criterion of the ‘most pleasing sound’ was adopted! 
However, when the standard of reproduction advanced to thr 
point where some slight semblance of realism was possible, thi 
somewhat naive approach had to be abandoned, for the orde 
of merit was found to vary with the type of programme material | 
the studio acoustics, the microphone placing, and with othe. 
factors such as the position of the different loudspeakers in thi. 
listening room. Further experience showed that, by systematii 
listening tests carried out under more carefully controlled con 
ditions, the effects of irrelevant factors could be largely eliminatec 
and the risk of a wrong judgment, i.e. one which would late. 
have to be revised after a period of service, much reduced. 


RS AEN 


2.7.2) Noise Tests. 


Many of the salient features of loudspeaker response can be 
wvery quickly appreciated subjectively by applying to the input a 
sontinuous-spectrum random-noise voltage. To avoid aural 
vatigue and to render the test more sensitive, it is advantageous 
‘or this and other subjective assessments to place a second loud- 
»speaker beside the one under consideration and to switch back 
ind forth between the two; by contrast, the individual peculi- 
urities. of both loudspeakers will then become evident. This 
vest will usually disclose differences even between nominally 
:dentical loudspeakers. 


!2.7.3) Speech Tests. 


The realistic, as distinct from the merely intelligible, reproduc- 
sion of speech is particularly difficult to achieve; the transmis- 
sion of a voice which is familiar to the observers is a 
‘tringent test for a loudspeaker. Male voices are the most 
uuitable, as they reveal various defects common in the 250- 
000c/s band. The speech should be transmitted from a non- 
everberant room or from the open air, for it is not the function 
if a loudspeaker to compensate for peculiarities in the acoustics 
» studios. It is not permissible to reduce the amount of trans- 
imétted reverberation by bringing the microphone close to the 
aiker’s mouth; speech picked up at distances less than 12in has 
‘® unnatural character, particularly at high frequencies, which 
fannot be compensated by electrical equalization. 

_. For these and the remaining subjective tests, the loudspeakers 
‘2 be compared should be concealed from the observers to 
“revent identification. 


2.7.4) Music Tests. 

| The final test consists of a comparison between live and 
‘yeproduced music, the listening point being established as near 
is possible to the studio or concert hall so that the observers 
wiay pass freely between the two. Such freedom of movement is 
ossible only during rehearsals, and observers must note the 
onal quality being produced in the studio af the time, since 
qusicians often reserve their fullest efforts for the final per- 
‘ormance. Good sound insulation between studio and listening 
(90m is important, especially at the extremely low frequencies, 
/t which an attenuation of at least 35 dB is essential. 

The quality of reproduction obtained will naturally depend 
jn the disposition of the performers and of the microphones in 
sae studio—technically known as the ‘balance’ of the trans- 
nission. It is important, however, that defects in the loud- 
peaker should not be unwittingly compensated by an alteration 
hn balance; for the purpose of the test, therefore, the instruments 
» £ the orchestra should be arranged to give an acceptable result 
8 heard in the studio, and a single microphone, so placed as to 
‘void over-emphasis of any one instrument, should: be used. It 
‘, true that in certain types of programme more than one micro- 
‘hone is frequently employed; with dance bands, to take an 
‘xtreme example, a separate microphone may be provided for 
tach group of instruments, and by this means effects can be 
roduced which are not audible to a listener in the studio. 
‘rogramme material of this type is, however, inadmissible when 
‘1 unambiguous comparison between original and reproduced 
vend has to be made. 

{ in studios and concert halls having good sound diffusion—a 
-yndition which can be verified by direct listening—the micro- 
(heme placing is not highly critical.2 For a particular orchestral 
‘yout, however, there is usually a preferred position, and this 
so-'tion in itself gives an additional check on loudspeaker 
‘erormance. The better types of loudspeaker, while each 
erarting in a different way from the ideal and so giving an 
“pp reciably different version of the transmitted sound, have in 
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practice so much in common that the best microphone position 
for any one of them is nearly the same. On the other hand, a 
loudspeaker having some peculiarity in response, which, for 
example, throws into prominence one type of orchestral instru- 
ment, may require for best results a different microphone position 
or even a different orchestral layout. 

All that has been said on the subject of optimum microphone 
placing applies equally to the directional characteristics of the 
microphone required to give the best overall effect. Differences 
in performance between high-quality microphones having the 
same nominal directional characteristics are too small to affect 
the order of preference between different loudspeakers. 


(3) DESIGN CONSIDERATIONS 
(3.1) Electrical Equalization 


The loudspeaker designer’s task could frequently be eased by 
modifying the frequency characteristics of the preceding ampli- 
fier chain. This expedient, often employed in one form or 
another in the design of radio receivers, introduces some obvious 
instrumental complications when applied to an independent 
loudspeaker, but has important advantages where an excep- 
tionally high and consistent standard of performance is required. 
It may even be practicable to introduce corrective circuits 
between the final amplifier and the loudspeaker proper, due 
regard being paid to the power-handling capacity of the system. 

A notable example of electrical equalization of loudspeaker 
characteristics is furnished by the ‘omnidirectional’ radiating 
system produced by Harz and KGsters?! in Germany for broad- 
cast monitoring purposes; in this type of loudspeaker, the 
associated power amplifier is preceded by a separate low-power 
equalization amplifier, incorporating both low- and high-fre- 
quency pre-emphasis circuits, together with as many as six 
other networks designed to correct specific features in the 
frequency characteristics. 

Electrical compensation for low-damped resonances in a 
loudspeaker is impracticable, if only because of the difficulty in 
maintaining long-term stability of the mechanical system. 
Electrical control of general trends in the frequency charac- 
teristics or of the response within a broad band is, however, 
perfectly feasible; it allows adjustments to be made to offset 
production variations in the electro-acoustic transducers or to 
compensate for differences between the acoustic conditions in 
individual listening rooms. 


(3.2) Division of Frequency Range 


In the design of wide-range loudspeakers it is usual either to 
provide a separate unit for the higher end of the audio-frequency 
band or to employ a single unit, equipped with an auxiliary 
diaphragm in the form of a concentric dome or cone driven 
from the common speech coil, to give the same effect. The 
change-over from the low-frequency to the high-frequency 
radiating system should preferably take place at a frequency at 
which the former is not appreciably directional. If this require- 
ment is not met, a state of affairs arises which is represented, in 
simplified form, in Fig. 5. Assume that a low- and a high- 
frequency unit, each having uniform axial response, are mounted 
on a common axis and fed through a cross-over network in such 
a way that the combined axial response (9 = 0) is likewise 
uniform. If, at the cross-over frequency f,,, the low-frequency 
radiator is appreciably directional, the frequency characteristics 
at angles 0, 65, etc., will exhibit a depression in the region just 
below fr> This effect could be largely avoided if the frequency 
range were divided into three bands, using diaphragms of 
progressively smaller diameters; for most purposes, however, 
this solution is uneconomic, not only because of the extra 
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Fig. 5.—Two-unit loudspeaker: effect on overall frequency charac- 
teristics of change in directional properties at cross-over. 


(a) Frequency response of low-frequency unit. 
(b) Frequency response of high-frequency unit. 
(c) Combined frequency response. 


radiating system, but also because of the additional cross-over 
networks and the extra setting-up adjustments required in 
production. 


(3.3) General Properties of Cone Radiators 


Although cone loudspeakers have been in common use for 
more than 30 years, the amount of systematic research carried 
out on their performance is surprisingly small and their design 
is still, to a large extent, a matter of trial and error. The 
behaviour of the diaphragm is not readily amenable to mathe- 
matical treatment, the difficulty of analysis being aggravated by 
the various departures from the simple conical form which in 
course of time have been empirically introduced. Experimental 
studies are hampered by the high price of the tools required to 
form the diaphragm; it may cost several hundred pounds to 
discover the effect of a minor change in profile. 

The diaphragm of a cone loudspeaker is a complex vibratory 
system capable of motion in various regimes. The quality of 
sound produced by it is not always predictable from the fre- 
quency/response characteristics, even in the region below 1 ke/s 
where these may be relatively smooth. In particular, an objec- 
tionable type of coloration in the lower-middle-frequency range 
seems to be characteristic of a large number of units of less than 
10in cone diameter. The effect is usually associated with the 
presence of low-damped radial modes; however, attempts to 
simulate the subjective result electrically by the introduction of 
single tuned circuits having a comparable decrement have not 
been successful, and it may be that, as in the study of reverbera- 
tion phenomena, a combination of modes is involved. Until 
this difficulty is overcome, it may be necessary in high-quality 
loudspeakers to employ diaphragms having areas much greater 
than those dictated by considerations of power-handling capacity. 


(3.4) Alternative Radiating Systems for High Frequencies 


The most economical form of direct radiator for the upper 
frequency band is undoubtedly a smaller version of the cone 
unit used for the low-frequency range, employing a pulp or 
plastic diaphragm. However, with the relatively small radiating 
area required, other forms of construction become possible. 
Small horn-type units, having coil-driven or ribbon-type dia- 
phragms, have been extensively used; while horn radiators have 
been demonstrated? in which the diaphragm was replaced by a 
modulated high-frequency glow discharge taking place in a 
quartz tube. In recent years, there has been a revival of the 
electrostatic radiator for high frequencies, though not all of 
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these units have been in the high-quality class. Finally, a fo 


of direct radiator has been developed which is similar in structu 
to the moving-coil elements commonly used in conjunction wi 
horns. Fig. 6 shows the construction of a commercial unit ¢ 
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Fig. 6.—Example of modern direct-radiator high-frequency unit. 


this type; the diaphragm, of plastic-impregnated fabric, movef 
as a whole at frequencies up to at least 10kc/s. Because of itt: 
small dimensions the unit is less directional at high frequencie 
than a conventional cone or single horn radiator. 

Other things being equal, the usefulness of a high-frequenci 
radiator is limited by the acoustic power which it can produc) 
without distortion or damage, and this usually diminishe}) 
rapidly with decreasing frequency. Direct radiating units whic)” 
are small enough not to be unduly directional are generall|: 
suitable only for frequencies above 1-Skc/s, while some ar 
unusable below 3kc/s. Moving-coil-driven horn systems offe| 


frequency which usually lies between 1 and 2kc/s. 
Attempts have been made to produce a radiating systen 
substantially omnidirectional even at high audio frequencies), 
The best-known example of such a design is the loudspeaker o 
Harz and KOsters previously referred to.2! Here the frequenc’- 
range above 400c/s is radiated by 12 small cone units mountet: 
on the faces of a dodecahedral structure, thus giving an approxi} 
mation to a spherical radiator. Fig. 7 shows an external viev 
of the omnidirectional assembly placed a short distance awa’ 
from the associated low-frequency unit, which is mounted, wit 
axis vertical, in the top of its enclosure. In a later version? 
the loudspeaker the number of high-frequency units has bee! 
increased to 32. 
The design of such omnidirectional assemblies is hampere 
by the lack of suitable cone units. Few commercial units sma 
enough for the purpose have the wide frequency range, smoot 
frequency response and freedom from non-linear distortio: 
which experience shows to be necessary in high-quality loud) 
speakers of the conventional type, and there is no evidence tha 
the special directional characteristics allow the normal require | 
ments to be relaxed. F 
The effect of an omnidirectional loudspeaker can be partl. 
simulated by directing the radiation from a conventional uni 
towards a corner of the listening room and relying on th 
scattering of the ‘sound by multiple reflection; the | 
however, depend so much on local conditions that the method i. 
not universally applicable. 
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(Fig. 7.—Omnidirectional loudspeaker using 12 high-frequency units. 


| (3.5) Factors influencing Low-Frequency Response 
3.5.1) Enclosure. 


With the exception of the large-area electrostatic loudspeaker 
ferred to in Section 5, every direct-radiator loudspeaker 
‘sesigned to operate to the lower limit of the audio-frequency 
“tange includes some kind of baffle or enclosure designed to 
“srevent destructive interference by sound radiated from the rear 
_'f the diaphragm. 
| During the past decade, a considerable amount of literature 
nn the design of such enclosures has appeared and many 
‘genious devices for reducing the volume required for a given 
‘erformance have been described. Unfortunately, most of the 
_tublications concerned are largely theoretical or descriptive in 
‘ qaracter and seldom include any results of acoustic response 
jieasurements to support the claims made. The basic form of 
“saclosure employed with wide-range loudspeakers has remained 
_(nchanged for some 20 years. In some arrangements the space 


it the rear of the diaphragm is completely closed; most designs, 
wowever, employ the well-known phase-inverting device due to 
thuras,** whereby sound escapes at low frequencies through an 
uxiliary aperture or vent in aiding phase and thus increases the 
“we-frequency range of the loudspeaker by half an octave or 
More, 


‘a 


The effectiveness of this arrangement depends, however, 
‘0 he relationship between the mechanical impedance presented 
y: -he cone and the acoustic load imposed on it by the enclosure. 

/~h enclosures of small volume the requirements can best be 
‘ne: when the area of the cone is likewise small; where it is 
Jeeessary, for the reasons indicated in Section 3.3, to employ 
ne € cones in conjunction with small enclosures, the introduc- 
ve. of a vent may be useless or even detrimental to performance. 
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Except in very large enclosures, there is no difficulty in making 
the walls stiff enough to prevent any appreciable transmission of 
sound at frequencies below 100c/s. At higher frequencies, a 
certain minimum mass of material per unit wall area is required 
to give adequate attenuation; further increasing the mass by 
increasing wall thickness, however, does not give a proportionate 
advantage unless the material exhibits sufficient internal damping 
at the various resonance frequencies. 

A useful comparative test of materials can be carried out by. 
constructing experimental enclosures without the normal sound 
outlets, setting up sound pressures by an internal sound source— 
a heavy-duty ‘pressure’ unit of the kind employed to operate 
cinema-type horn loudspeakers is suitable—and measuring, as a 
function of frequency, the pressures produced at some external 
point. Fig. 8 shows curves obtained by this method, the current 
in the speech coil of the pressure unit being the same in each 
case. Curve (qa) relates to a bare enclosure constructed of $in 
plywood, and curve (5) to the same enclosure after the addition 
of an internal layer of in soft building board firmly bonded to 
the wood. The increase in mass produced by the addition of 
the building board is only about 11° and the principal reason 
for the reduced sound transmission is the increased damping of 
the flexural modes. Measurements of this kind, while purely 
empirical in character, can lead not only to improved per- 
formance of the loudspeaker as a whole, but to appreciable 
saving in weight, an important factor in transportable equipment. 


(3.5.2) Electro-Mechanical Efficiency. 


The electro-mechanical efficiency of most early moving-coil 
loudspeakers was relatively low and the motional impedance 
was often negligible. This position has been greatly changed in 
recent years, largely by the introduction of improved magnetic 
materials. The high electro-mechanical efficiency obtained with 
many modern units presents, however, another design problem, 
for the motional impedance at low frequencies rises to high 
values and may reduce the current entering the speech coil 
below the value required for uniform frequency response; the 
effect is most marked when the loudspeaker is fed from an ampli- 
fier of low output impedance. At frequencies for which the 
motional impedance is high, any increase in flux density beyond 
a certain point will actually reduce the motion of the speech 
coil and hence the acoustic response of the system, the increase 
in electro-mechanical efficiency being more than offset by the 
reduction in power transfer from amplifier to loudspeaker. 
The situation can be eased by the use of a vented enclosure 
designed to present an appropriate acoustic impedance to the 
diaphragm. However, if the volume of the enclosure is 
restricted, the loading may be effective only over a narrow band. 

One solution to this problem is to apply to the signal entering 
the associated amplifier such low-frequency pre-emphasis as will 
produce the desired overall frequency response. To obtain the 
maximum undistorted power output from the amplifier/loud- 
speaker combination, the amplifier must then be designed for 
a load intermediate between the low-frequency and mid-band 
impedance of the loudspeaker. Alternatively, it may be possible 
to obtain a better overall result at comparable total cost by 
reducing the flux density of the loudspeaker field and increasing 
the amplifier power. 

The use of loudspeaker units having high electro-mechanical 
efficiency has been advocated on account of the heavy damping 
of the mechanical system at low frequencies which results when 
the electrical terminals are connected to a circuit of low resis- 
tance; to increase the damping even further, amplifiers with a 
negative output resistance have been employed to nullify part of 
the speech-coil resistance. It is often suggested that the damping 
of the fundamental resonance ought to be as high as possible 
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Fig. 8.—Level of sound transmitted through walls of plywood loudspeaker enclosure. 


(a) Bare. 


and certainly above the critical value, which corresponds to a 
Q-factor of 0:5. The necessity for such a high degfee of 
damping does not appear to have been demonstrated by sub- 
jective investigation, and is all the more difficult to appreciate 
when it is considered that the associated enclosure, if vented, 
will have a low-frequency resonance of its own with a Q-factor 
of 3 or more. 


(4) EXAMPLES OF CURRENT DESIGN 
(4.1) General 


To illustrate some of the points discussed in Sections 2 and 3, 
two types of monitoring loudspeaker recently developed by the 
B.B.C. will now be briefly described. One of these, referred to 
as loudspeaker A, is designed to meet the requirements for 
studio monitoring; the other loudspeaker, B, forms part of the 
portable equipment designed for use on outside broadcasts. 
Both employ similar high- and low-frequency units, so that a 
comparison of their performance enables the influence of other 
factors to be studied. 


(4.2) Construction of Loudspeaker A 


Fig. 9 shows the construction of loudspeaker A; the enclosure 
is of #in veneered chipboard, reinforced by metal struts to 
restrict the vibration of the rear panel. The internal volume of 
the enclosure is 4-7 ft?; a small vent resonating with the volume 
at about 50c/s gives a slight increase in low-frequency output. 

The low-frequency unit used is a 15in commercial type which 
has an axial frequency range extending to about 4 ke/s, and which 
has been found to be relatively free from the coloration effect 
referred to in Section 3.3. Fig. 10 shows the constant-voltage 
frequency characteristics of the 1.f. unit alone taken on the axis 
and at 45° to the axis in the horizontal plane. The curves of 
Fig. 10(a) relate to an enclosure similar to that of Fig. 9 but 
having a circular opening 124in in diameter; above 500 c/s the 
system is appreciably directional. By restricting the sound 


(6) With damping introduced by lining of building board. 
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Fig. 9.—Loudspeaker A: structural details. 


outlet to a vertical slot—a device due to Chapman and Trier>—~ 
the axial response at the upper end of the range is slightly lowerec) 
and the response at oblique angles in the horizontal plane " 
raised, as shown in Fig. 10(6), thus helping to redress the balance 


The optimum slot width—in this case 74in—depends upon the 
geometry of the cone but is not critical. 

Commercial high- -frequency units of the type shown in Fig. i 
are used, two of them to increase the power-handling capacity » 
of the system. Low- and high- -frequency units are mounted if 
a vertical line as shown in Fig. 9; under normal listenin 
conditions the separation between sound sources is not noticeabhi . 
to observers listening at distances over 4 ft. 


interrupted-tone input in the manner described in Section 2.5.. 
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 Kig. 10.—Constant-voltage response of 15in low-frequency unit, 
measured on axis and at 45° in horizontal plane. 


(a) With 124in diameter baffle aperture. 
6 With 74in wide vertical slot aperture. 


_ The sound pressures produced on the axis by these units are 
wnade equal at 1-45kc/s, though this is not the frequency at 
‘vhich equal power inputs are supplied to the two. In designing 
vhe cross-over network, the form of which is shown in Fig. 11, 
sccount had to be taken of the motional impedance of the h.f. 
nit at the lower end of its range. It was found that the require- 
«nents could most easily be met by parallel-connected 
‘aigh- and low-pass filters working independently of 
me another; with modern low-output-impedance 
i mplifiers, interaction between the two filters is negli- 
\jible and a constant-resistance cross-over network is 
cimnecessary. On grounds of economy, inductors 
<vound on laminated gapped nickel-iron cores are 
used instead of the usual air-cored coils; by designing 
vor low flux density, intermodulation effects arising in 
he iron core are made smaller than those produced 
py the loudspeaker units themselves. The combined 
~/hoke and auto-transformer T, is tapped to allow 
1 itial adjustment of the signal level applied to the 
‘{..f. units; to avoid any change of frequency character- 
jstic with tap adjustment, alternative capacitors C,, Cy 
und C; are provided. 
| The resistor R,, shunted by the inductor Ly, is 
‘niroduced in series with the speech coil of the se. 
est to correct, at the cost of a certain amount 
'# mid-band loss, for the positive slope in the axial 
~Tequency response which would otherwise occur between 
0%c/s and 1kc/s; this feature of the characteristic repre- 
evts the combined effects of loss at low frequencies due to 
“ne tional impedance and gain at high frequencies due to increased 
rectivity. The rejector circuit L3C¢ i is employed to reduce the 
wp»put of the low-frequency unit in the 2:2kc/s region, thereby 
(voiding some interference effects which would otherwise appear 
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Fig. 11.—Loudspeaker A: circuit of cross-over network. 


in the cross-over region. Provision for adjusting the shape of 
the frequency characteristics above 3kc/s and below 150c/s is 
made in an electrical network introduced into the circuit ahead 
of the associated power amplifier. 


(4.3) Construction of Loudspeaker B 


Loudspeaker B, shown in Fig. 12, is an adaptation of the 
basic design of loudspeaker A and employs similar low- and 
high-frequency units; it illustrates some of the compromises 
which may be necessary in special cases. 

Because of the restrictions placed on the size and weight of 
portable equipment, the internal volume of the enclosure used 
for loudspeaker B is only 2:8 ft?; with a 15in cone unit the 
performance of the loudspeaker at low frequencies is better 
without a vent. Because of the reduced dimensions of the 
enclosure, a slightly lighter wall construction than with loud- 
speaker A is permissible, and the combination of in plywood 
lined with an equal thickness of soft building board (see Sec- 
tion 3.5.1) is used. Electrical equalization is again employed to 
control the axial frequency characteristics, but in this instance all 
the networks involved are introduced after the associated ampli- 
fier and form part of the loudspeaker. In spite of the loss of 


Fig. 12.—Loudspeaker B: internal and external views. 


efficiency thus occasioned, adequate sound level can be produced 
by the use of a power amplifier rated at 15 watts output. 

At outside broadcasts the space available for technical equip- 
ment is often very limited and the listener may be very close to 
the loudspeaker; it is therefore essential that the low- and high- 
frequency radiating systems should be as nearly as possible 
coaxial. The two h.f. units of loudspeaker B are accordingly 
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Fig. 13.—Effect of mounting on axial response of a pair of 
igh-frequency units. 
(a) Free a 
(b) Large baffle. 
(c) Battle with slot TAin x 10in 
(d) As (c) but with bertosted baffle plate. 


mounted within the cone of the If. unit, on a partially perforated 
metal plate. This plate (see Fig. 12) acts as a baffle in the upper 
part of the range while offering little obstruction to sound from 
the lf. unit. The advantage of providing some form of baffle 
for the h.f. units is evident from Fig. 13; the curves show the 
frequency response obtained on the axis mid-way between the 
two units mounted (a) in free space, (b) in a large baffle, (c) in 
the 74in x 10in opening in front of the cone, and (d) as in (c) 
but with the perforated plate. It should be noted that these 
curves include the effect of the internal cross-over and corrective 
networks. 


(4.4) Frequency Characteristics of Loudspeakers A and B 


Fig. 14 shows the overall frequency response of loudspeaker A 
with its associated amplifier, measured at various angles in the 
horizontal and vertical planes and for two different settings of 
the lf. response adjustment. At frequencies above 150c/s 
measurements were made with the loudspeaker in a non- 
reverberant room having a working space 15ft x 10ft 8in 
x 7ft 4in high; the response at lower frequencies was obtained 
in the open air with the loudspeaker mounted on a tower 55 ft 
high. The mean spherical response and the directivity index, 
both measured in half-octave bands, are also given. As an 
illustration of the observations made in Section 2.4.3, it may be 
noted that, at the listening levels usual in studio monitoring 
practice,”° the .f. response of curve (i) is sometimes regarded as 
insufficient, while in certain rooms that of curve (ii) is not found 
excessive. 
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Fig. 14.—Loudspeaker A characteristics. 
(a) and (6) Freaueney characteristics in horizontal and vertical planes. 
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(d) Directivity index 


Fig. 15 shows the frequency/response curves of loudspeaker B} 
together with the mean spherical response and directivity, agai) 
averaged over half-octave bands. 

The differences between the directional properties shown it) 
Figs. 14 and 15 are mainly attributable to the difference ir’ 
geometry of the two systems and in particular to the form o} 
the sound outlet for the 1.f. unit of loudspeaker B. It shoulc 
be noted in comparing the curves that for measurement purpose!) 
loudspeaker A has been assigned an arbitrary axis passing: 
between the low- and high-frequency systems. “s 

Figs. 14 and 15 illustrate the difficulty of describing the variout ; 
attributes of a loudspeaker without either emphasizing irrelevan’ 
detail or losing important information through over- simplifica: : 
tion. For example, the disposition of the h.f. units in loud i 
speaker B allows the observer to listen at close range withou’ 
becoming aware of more than one sound source; there is, how 
ever, little in the curves to suggest that loudspeaker A is differen” 
in this respect. Again, the difference in directional properties 


NAL A 
SS 


MICROPHONE 
DISTANCE 


30° 


‘ 
VERTICAL 
+30° 


MIC ROPHONE 
DISTANCE 
46" 


n 


REQUENCY kc/s 


Fig. 15.—Loudspeaker B characteristics. 


(a) and (6) Frequency characteristics in horizontal and vertical planes. 
(c) Mean spherical frequency response. 
(d) Directivity index. 


of the two loudspeakers, as shown by the spacing of the response 
jsurves taken at various angles, is not apparent in the directivity 
pr mean spherical response characteristics, and it would clearly 
ave been misleading to take the latter as the sole criterion of 
requency response. 

Although the results of the change in directional properties of 
‘he loudspeaker at cross-over are not in either case serious, the 
‘fects referred to in Section 3.2 are present to some extent in 
oth Aand B. The change of régime at cross-over is accom- 
»anied by a change in the slope of curves (d) of Figs. 14 and 15; 
vor reasons partly connected with the action of the perforated 
»2Me plate, the effective cross-over frequency in loudspeaker B 
S% 30mewhat higher than in loudspeaker A, the axial sound 
oressures produced by the high- and low-frequency units being 
veaal at 1-6kc/s. 

The data on harmonics and intermodulation distortion, given 
is examples in Section 2.6.2, Figs. 4 and 5, relate to loudspeaker 
3 The difference at low frequencies between the shape of the 
¥ quency/response curve for the fundamental and that shown in 
~~. 15 arises mainly from residual reflections from the walls of 
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the non-reverberant room in which the distortion measurements 
were carried out; the separation between fundamental and 
harmonics below 100c/s is, in fact, somewhat greater than that 
indicated. 


(5) FUTURE TRENDS IN DESIGN 


Apart from any radical change in the operating principles of 
loudspeakers, many of the refinements introduced during the 
next few years are likely to be concerned with directional 
properties. 

Because of the pleasantly ‘spacious’ subjective effects to be 
obtained by wide-angle distribution of sound, commercial 
receivers incorporating two or more supplementary loudspeaker 
units mounted in different faces of the enclosure?’ have recently 
been produced. This practice, were it to become widespread, 
might lead the users of monitoring loudspeakers to call for a 
corresponding refinement, though it is not suggested that an 
omnidirectional system such as that referred to in Section 3.4 
should necessarily be adopted. 

While the potential applications of stereophonic transmission 
to broadcasting are limited, the development of stereophonic 
recording is proceeding rapidly and will probably create a 
demand for monitoring loudspeakers having special polar 
characteristics. Some workers*® in this field have advocated the 
use of directional loudspeakers to reduce the variation in the 
position of the apparent sound source with the position of the 
observers. However, since the required directional charac- 
teristics cannot be maintained throughout the audio-frequency 
range, other designers”? prefer to aim at a uniform response over 
the widest possible angle in the horizontal plane. 

Perhaps the most notable development in recent years is the 
design of electrostatic loudspeakers covering the complete audio- 
frequency range,*° instead of being confined, as hitherto, to the 
region above 1kc/s. Loudspeakers of this type have been 
produced during the last few years but have only recently become 
generally available in this country; little detailed information has 
so far been published on their construction and performance. 
The two principal factors which have stimulated their develop- 
ment are the production of plastics suitable for the manufacture 
of diaphragms having a sufficiently low mass and stiffness, and 
the realization of the fact, demonstrated by Hunt?! in America, 
that the non-linear distortion can be greatly reduced by keeping 
the polarizing charge, as distinct from the polarizing voltage, 
constant. 

To produce the required sound level without exceeding the 
linear limits of the electrostatic system, diaphragms of large 
area have to be employed. In order to avoid unwanted direc- 
tional effects, the radiating surface may be subdivided so that 
only a small portion is operative at high frequencies; even so, 
the directional pattern at the upper end of the audio-frequency 
range may be narrower, at least in one plane, than that of some 
conventional loudspeakers. 

Probably the most striking feature of the full-range electro- 
static loudspeaker is that the usual enclosure may be dispensed 
with and sound from both surfaces of the diaphragm allowed to 
radiate into the room; the resulting loss in output at low fre- 
quencies through back-to-front interference can be corrected by 
an internal network. At low frequencies, where the wavelength 
is large compared with the dimensions of the diaphragm, the unit 
may be regarded as a doublet source. The directional charac- 
teristic is then of figure-of-eight form, and the proportion of 
reverberant to direct sound received by the listener will therefore 
be less than with a conventional loudspeaker; there is, however, 
insufficient evidence to show whether this characteristic of the 
system is conducive to realism in reproduction. 

Fig. 16 shows an external view of a commercial full-range 
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Fig. 16.—Full-range electrostatic loudspeaker. 


electrostatic loudspeaker; the unit incorporates a rectifier for 
providing the polarizing voltage and a matching transformer 
to enable the loudspeaker to operate from a low-impedance 
circuit. Whatever the merits or shortcomings of these loud- 
speakers as a class, it seems likely that their cost may eventually 
be below that of a moving-coil loudspeaker system of com- 
parable performance. 


(6) CONCLUSIONS 

In the paper an attempt has been made to bring together, 
on the one hand, the essentials of the art as they appear in the 
literature on design and measured performance, and on the 
other, the accumulated experience, mostly unpublished, of those 
users of loudspeakers who are in a position to compare the 
original and reproduced sound. 

It will be seen that one of the greatest single obstacles to 
further progress is the difficulty of formulating in sufficient 
detail the requirements to be met. The characteristics of the 
ideal loudspeaker, often regarded as self-evident, are found on 
closer examination to be indefinable in objective terms. How- 
ever, as long as the user remains consistent in his demands, 
there seems no reason why subjective studies should not ulti- 
mately yield a set of workable criteria for the guidance of 
designers. 
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Dr. G. F. Dutton: The loudspeaker is the last in a varied collec- 
tion of components in the chain connecting the original sound 
‘with the reproduced sound in the studio or listening room. 
‘Consequently it has to bear the blame for most shortcomings of 
whe system. The more one improves the performance of the 
) oudspeaker with regard to the frequency range the more critical 
iwill be the conditions for showing up high-frequency buzzes, 
licks, etc.; and they are all blamed on to the loudspeaker. It 
‘s necessary to convince people that these noises are not in the 
loudspeaker but are in their various components. The only dis- 
yertion that I have not heard blamed on the loudspeaker is 
/wow’ and ‘flutter’. 

-# do not agree entirely with the statement in the Summary 
‘hat the purpose of the broadcasting or recording engineers is 
iG give an approximate approach to a realistic reproduction. It 
iepends on what the sounds are intended to be and what is 
ymeant by ‘realistic’. The microphone is often placed very close 
0 the instruments to be recorded, in a position much closer than 
. sould be normally assumed by a member of the audience, and 
»erhaps closer than a normal person would tolerate. On the 

»ther hand, the broadcasting people might prefer to use micro- 
hones further away and even over the top of the orchestra— 
“gain these are positions not normally assumed by the audience. 
Therefore, the interpretation of a realistic sound is somewhat 
“ifficult. 

In the gramophone recording industry we have had this 
problem of loudspeaker design for monitors for some time. We 
wnave been trying to decide whether the characteristics for the 
tandard monitoring loudspeaker should represent the average 
yommercial loudspeaker or should have some ideal smooth 
“/haracteristic, such as that indicated by the author. We have 
»jome to the conclusion that a smooth characteristic up to 12 or 
) Ske/s on the axis of a reasonably good spherical radiation 
i haracteristic is the one to aim for. No particular fashion has 
»een set for having a high rise in the region of 3 or 4ke/s, which 
3 very common to most loudspeakers of the lower price range. 
‘Vhis is, perhaps, hard to fight in practice because the brighter 
oudspeakers with the rise at about 3 or 4kc/s usually play 
»opular recordings very nicely, while the more extended and 
‘\attering frequency characteristic tends to show up any distortion 
a the brass section, and you have to be very careful to judge 
‘whether this is real or originates in the system. 

| Lagree with the author that wide-band noise tests can be very 
‘seful in quickly assessing the difference between two loud- 
«peakers, and we use these tests for comparing the test monitor- 
“se loudspeaker with the standard that we have set ourselves. 
ery small differences in characteristic can easily be detected by 
his test. 

| 44 Section 3 there is a reference to equalization. I agree that 
vqwalization in the loudspeaker amplifier is essential in order to 
yover adequately a large frequency range, and I consider that 
1% compensation can only be made if the resonances to be 
tected are not too sharp. If they are too sharp, of course, 
21¢ reliability of the compensation is in doubt, 
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After a great deal of impartial listening, I have come to the 
conclusion that direct-radiator cone loudspeakers are preferable 
to the horn-driven types. The reason for this is not quite clear. 
It is probably due to a number of small reasons rather than one 
particular one. For instance, directivity is probably very 
important. 

The author refers to the coloration that can occur owing to 
the break-up of the cone into radial modes. I think we have 
overcome that trouble by using elliptically-shaped cones. 

The monitoring loudspeaker that we have designed and are: 
using in our studios has a cabinet 4 ft high, and the rear baffle for 
the low-frequency unit is totally enclosed with a volume of 
34 ft?. The high-frequency unit is exactly similar to the one 
described by the author. It is fitted directly above the cone 
loudspeaker, and is completely enclosed so that no inter-modula- 
tion can exist between the low- and high-frequency units. The 
power amplifier is placed in the lower compartment. There are 
three correcting networks applied to the unit. The bass correc- 
tion starts at about 800c/s and rises to 40c/s and is of the order 
of 6dB at 40c/s. The high-frequency correction occurs at about 
7kc/s, and there is a rise at about 11 ke/s. 

The elliptical unit is placed with the long axis vertical in order 
to improve the radiation pattern in the horizontal plane. That 
unit, with its corrective network, can be within +14dB from 
40c/s to 12kc/s. 

An important point that should be discussed in relation to 
monitoring loudspeakers is the replay level. Most engineers and 
‘hi-fi? enthusiasts seem to play loudspeakers at a level much 
higher than they should be played, or at least higher than the 
average person for whom the records are made or for whom 
broadcasts are intended would play them. But the whole balance 
can be misjudged by playing at too high a level. Whether or not 
the level should be as high as the original sound is questionable, 
but the full effect of an orchestra on the fortes cannot be obtained 
unless the level is up to its full original value. 

Mr. G. A. Briggs: I agree with the author about the doublet 
effect with the full-range electrostatic loudspeaker. We have 
had some experience with a moving-coil doublet system. It is 
perfectly true that a doublet excites less room resonance than a 
direct radiator, but this makes it more selective, and the per- 
formance is therefore very much affected by its position in the 
room. The doublet effect can be reduced by placing one edge 
of the loudspeaker against a wall, or by putting the loudspeaker 
itself near a corner. It is essential to try various locations in 
any room, and this latitude seems to make the doublet a popular 
proposition, whether with a moving-coil or an electrostatic 
loudspeaker. 

With regard to magnets and damping factors, the author very 
wisely draws attention to the loss of bass response with high-flux- 
density magnet systems driven by amplifiers with very low output 
resistance, and suggests as a possible solution the use of smaller 
magnets and larger amplifiers. I do not agree with this idea for 
domestic use. A high-flux-density loudspeaker sounds brighter 
and cleaner than a low-flux-density model, 
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I submit that the root of the trouble lies in our absurd obsession 
with high damping factors and constant voltages. Tests show 
that a damping factor of 15 produces a drop in output of about 
3 dB at 40c/s in a 10 in loudspeaker with a 10-kilogauss magnet; 
but the drop is 10dB with a 14-kilogauss magnet. Why should 
a resistance of 1 ohm be connected in parallel with a high-quality 
15-ohm loudspeaker? Why do we not have amplifiers with 
variable damping factor, using a mixture of voltage and current 
feedback as produced in America? A preset control could be 
adjusted to suit the loudspeaker and the room. 

Mr. P. J. Walker: A number of attempts have been made in 
the past to lay down a series of objective tests for loudspeakers 
which will be meaningful in comparing performance. Their 
interpretation is based solely on past experience of comparing 
objective tests with subjective assessment. 

It seems relevant to point out that interpretation experience 
gained on one type of transducer may give misleading results 
when applied to an entirely different type of transducer. 

It is now possible to make electrostatic loudspeakers with low 
mechanical impedance as opposed to the high mechanical 
impedance of the moving coil. The change from free field 
conditions to room conditions will differ in the two cases. 

The importance of local response irregularities is dependent 
upon whether these are due to interference or resonance effects. 
Here again, a change of transducer type profoundly alters the 
relationship between the two causes. Similar remarks apply to 
the shape of distortion curves and some other physical properties. 

The confidence with which we can compare overall perfor- 
mance from objective tests varies directly with the physical 
similarity of the loudspeakers to be compared. 

Mr. F. H. Brittain: I entirely agree with Dr. Dutton that the 
axial response curve should be as flat as possible, and certainly 
not worse than 5dB down at a frequency of 10kc/s and 30° off 
axis. In my opinion it is never permissible to maintain a good 
mean. spherical response by having a rising response on the 
listening axis. It does not occur in nature and will not be 
tolerated. 

When examining a frequency-response curve, it must be 
remembered that shape plays a great part in the appeal to the 
eye. Shape is best obliterated by taking the mean output over a 
number of bands of frequencies. 

The author suggests that male speech is useful for listening 
tests, but female speech should also be included because it 
utilizes different frequencies. In both cases it must be ensured 
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Mr. D. E. L. Shorter (in reply): Dr. Dutton’s difficulty in 
accepting ‘realism’ as an ideal is understandable in view of the 
varying interpretations placed on that much overworked word. 
Realism, as an attribute of a sound-reproducing system, has too 
often come to be associated with the unpleasant sounds which 
result when the design of the loudspeaker is based on over- 
simplified ideas of technical correctness; as used in the paper, 
however, the term refers solely to the extent to which a listener 
could imagine himself to be in the presence of the performer, 
irrespective of the means by which the illusion is produced. It 
is true that microphones are often located in positions which 
would not be acceptable for direct listening. This placing does 
not necessarily represent a departure from realism; it is an artifice 
employed, in the interests of realism, to compensate for unavoid- 
able shortcomings of the system—in particular for the deficiencies 
inherent in a monaural transmission. There are certainly cases 
in which the compensation process has been carried further in 
an attempt to improve on nature; however, I do not think that 
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that pressure-gradient microphones are not used nearer than 6f 
to the person speaking. 

With regard to Section 3, it often happens that a high 
frequency unit is used in conjunction with a ‘cross-over’ net; 
work which effectively disconnects it from the amplifier. Ir 
these circumstances, the diaphragm of the h.f. unit is probably 
undamped at its main resonance and may develop excessiv«) 
movement from the local sound pressure falling on it, or becaus« 
it is partially driven electrically. It is then desirable to provide 
some damping in the form of a series-tuned circuit connectec 
across the h.f. unit. 

Mr. J. K. Webb: The author mentions the full-range electro, 
static loudspeaker, a commercial model of which has recently 
become available. I heard this demonstrated recently in direc 
comparison with a well-known make of large corner horr 
assembly and did not find that it bore much relation to what / 
had come to regard as ‘hi-fi’, whereas the corner horn did. On 
of my acquaintances, shocked at my verdict, has since persuadec) 
me to read the maker’s accompanying pamphlet from which i): 
appears that my judgment is coloured by the fact that I am no. 
musical! While this is reminiscent of the fairy story about thi - 
emperor’s clothes, it does illustrate the difficulty in assessing: 
performance criteria which are found, as the author says, to bi” 
indefinable in objective terms. It would seem, however, tha / 
users are now to be persuaded to change their demands anc 
adopt different criteria than heretofore. How, then, does thi 
author suggest that designers should seek guidance? | 

Mr. P. P. Eckersley: In connection with the demonstratiot 
did the author assume a ‘perfect’ microphone? It is often thi 
case that, when designing a microphone, the designer judges i) 
by a ‘perfect’? loudspeaker, and when another is designing < 
loudspeaker he judges it by a ‘perfect’ microphone. In the casv) 
of the demonstration, what was the ‘perfect’ microphone, wha 
was the ‘perfect’ recording system and what was the ‘perfect) 
amplifier? I have been told that to do real justice to ‘hi-fi 
loudspeakers the amplifier ought to have a flat response up tc 
about 100kc/s, otherwise there will be transient distortion. I) 
this idea viable? Was such an amplifier used in connectior)) 
with the demonstration? ; 

On the question of measurement, is the microphone assumed 
to be ‘perfect’? Since the microphone must have a finite size): 
will it not set up standing waves between the loudspeaker ane 
itself, thus vitiating the results, or is some method used to van 
the distance while integrating the energy? 


THE ABOVE DISCUSSION 


permanent features of the transmission system. 

In reply to Mr. Webb, it seems reasonable that the designer o 
monitoring loudspeakers should be guided by the judgment o 
those individuals who are best qualified by experience to asses’ 
the degree of realism achieved. It so happens that most of the 
individuals belong to the category which could be described a 
musical; I would not, however, suggest that musical knowledg) 
is in itself necessary to enable an observer to judge the degree te 
which a reproduced sound resembles the original. 

Mr. Briggs’s proposed method of electrical equalization b~ 
varying the output impedance of the loudspeaker amplifier is les 
flexible in its application than the use of corrective network 
earlier in the chain, and does not overcome the difficulty c. 
transferring power at low frequencies to a load impedance fa 
in excess of the optimum value. Whichever procedure i 
adopted, however, there is a strong case for treating the amplifie | 
for design purposes as part of the loudspeaker. 


I agree with Mr. Brittain on the need for caution in the use 
of pressure-gradient microphones for speech at close range, 
. although I should have thought that his minimum distance of 
6ft—for which the ratio of pressure gradient to pressure at 
-100c/s is only 4% above the plane-wave value—a little 
conservative. 

In reply to Mr. Eckersley, while the use of negative feedback 
| in amplifiers intended for the audio-frequency band usually 

results in the response of the stages concerned being maintained 
_up to 100kc/s or higher, I know of no evidence that such a wide 
frequency band is necessary for good reproduction. In the 

equipment demonstrated the upper frequency range was, in any 
case, restricted to some 20kc/s by the characteristics of the input 
- and output transformers of the various amplifiers in the chain. 
The effect of standing waves between microphone and loud- 
speaker is one which has to be taken into account in carrying out 
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accurate microphone calibrations, but with modern microphones 
it is usually small enough to be negligible in loudspeaker 
measurements. The microphones used in obtaining the demon- 
stration material were of the high-grade studio type, to which the 
remarks in Section 2.7.4 apply. 

I agree with Mr. Walker that much of our past practice in the 
interpretation of objective tests is based on the general similarity 
of structure which characterizes the simpler forms of loudspeaker. 
Successive developments in design, involving increases in the 
number and spacing of the radiating elements, have made it 
more and more difficult to produce meaningful objective data. 
An extreme example of this trend is to be seen in the large-area 
electrostatic loudspeaker, for which it is impossible, at normal 
measuring distances, to obtain a frequency-response characteristic 
free from ambiguities introduced by interference. The situation 
calls for a careful re-appraisal of all our performance criteria. 


). Mr. H. C. O. Stanbury (at Plymouth): I cannot follow the 
4; statement that failure of half of the transmitting equipment 
» would produce a drop of 6dB in radiated power. Surely the 
+ drop is only 3dB? 

| I question the B.B.C. policy of priorities for v.h.f. stations. 
| The authors stress that the v.h.f. concept is not to replace 
long- and medium-wave broadcasting but to supplement it; yet 
/| the first stations have been sited in populated areas such as the 
‘ Midlands, where very good reception is possible even on a t.r.f. 
) receiver. It seems possible that the association of v.h.f. trans- 
» mitters with television transmitters is the reason, but this is poor 
solace to those living in the more rural and distant areas, such as 
the toe of Cornwall. Here they enjoy neither good sound nor 
( television reception, and since the v.h.f. service is admitted to be 
supplementary, it surely ought first to have been provided in such 
areas where reception conditions with the existing transmitter 
|are admittedly unsatisfactory. 

Mr. J. E. Flower (at Plymouth): Although the Post Office 
“receives complaints of interference with television reception, it is 
the South Western Electricity Board to whom these complaints 
ate frequently referred and who are asked to replace many 
‘insulators on their 11kV system in order to cure the interference. 
(If the output of North Hessary Tor were increased to the 
wstandard rating of 20kW, the interference would automatically 
be eliminated and the Electricity Board would be saved very 
«considerable expense in renewing insulators on lines which are 
vir perfect condition for the purpose of transmitting power. 

| Mr. H. Sutcliffe (at Bristol): One reason for the introduction 
jofy.h.f. broadcasting is that the limited area of reception provides 
'protection from interference from transmitters more than about 
{1% miles away from the receiver. This technical virtue has 
toPvious social and political implications. 

_ On the subject of receiving aerials, both for v.h.f. sound and 
‘fee television, have the authors any views on size reduction? 
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A dipole, for instance, has almost the same polar diagram, power 
gain, and effective absorbing area,f whether it is 4A long or 
comparatively short. It is true that short dipoles are highly 
reactive, and matching to a feeder becomes difficult over a broad 
band of frequency, but I feel that a compromise is worth while 
here. 

A question of terminology arises in Section 3.1.5, where an 
aerial aperture is said to be 80ft. Other authors use the term 
aperture to describe an area.t Is 80ft the length of the aerial 
structure or something more subtle? 

Mr. N. C. Duret (at Bristol): Many listeners to v.h.f. trans- 
missions from a given station are puzzled because they experience 
comparative variations in signal strength and quality on Home, 
Light and Third programmes, although the three transmitters 
concerned are radiating identical power. Can the authors 
account for this? 

Mr. L. W. Turner (at Brighton): In the Introduction the authors 
outline the reasons which led to the development of the B.B.C.’s 
v.h.f. sound broadcasting service. Although it is sometimes 
asked whether, in the light of the growing number of television 
viewers, the engineering effort on and cost of the v.h.f. sound 
service is justified, I feel the answer to be an emphatic affirmative. 
Although television coverage of this country is now virtually 
complete, there remain some seven million sound-only licence 
holders. The fall in this number can, of course, be expected to 
continue as more television receivers are sold, but there is little 
doubt that a substantial section of this country’s population will 
remain ‘sound only’. Moreover, a good deal of listening to 
sound broadcasts is done by the 7500000 people holding com- 
bined sound and television licences, and there is evidence of 
increased listening now that the v.h.f. service enables better 
reception to be obtained. These points are underlined by the 
latest figures of sound-receiver sales. In 1957 there were 
1250000 new sound receivers sold—slightly more than the 
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number of new television receivers sold in the same period. Of 
these some 50° were v.h.f. receivers, and this percentage is 
rising: the total number of y.h.f. sound receivers now in use is 
1400000, this figure having doubled during 1957. 

Have the authors found it necessary to take any special pre- 
cautions in the matter of phasing the 8-tier aerial to fill in the 
gaps in the vertical radiation pattern which occur at steep angles 
with respect to the horizontal, and thus give rise to relatively 
low fields near to the transmitting station? If these gaps are 
not filled, one would expect critical and undesirable reception 
conditions, with the possibility of multi-path distortion effects. 
Difficulties arising from this condition have been experienced in 
television reception, and are overcome by applying the necessary 
amount of gap-filling to the vertical radiation pattern of the 
transmitting aerial. I am not aware of any difficulties of this 
nature having been experienced in v.h.f. sound reception, but 
this may be due to the fact that the sites of most of the B.B.C.’s 
v.h.f. sound-broadcasting stations are not near heavily populated 
areas, and hence there are few listeners in the areas likely to be 
affected to notice any undesirable effects. 

Mr. W. Wilkes (at Edinburgh): I am one of the authors’ dis- 
satisfied customers, for I live in the Border country, where 
reception on medium waves is usually bad. With a little 
practice it is possible to listen to the news and other speech 
programmes to the accompaniment of ‘Indian summer’ music 
and various other noises from other stations, but to listen to 
musical programmes, especially symphony concerts and similar 
programmes, under these conditions is quite impossible. We 
have therefore been looking forward to the v.h.f. service for 
quite a long time but we have not got it yet, although I am 
very pleased to learn that the B.B.C. propose to open a station 
at Galashiels at some future date. 

I do not know whether the authors have any detailed informa- 
tion about medium-wave reception in Central Scotland, but, 
having lived in that area for many years, I suggest that reception 
there is at least reasonable. The B.B.C. will probably say that 
the reason for introducing the service as they have done is that 
by doing it this way they serve a greater number of listeners 
from one transmitter. Where there is no existing service I would 
agree with this policy, but I feel that where there is an existing 
service the listeners suffering from the poorest reception might 
have been catered for first. Accordingly, I am not particularly 
impressed by the B.B.C.’s figure of 96% as being the proportion 
of the population to whom the v.h.f. service is now available. 

Is there any possibility of the number of Home Services from 
each transmitter being increased? Frequently I find that there 
are no programmes on Scottish, Light or Third wavelengths in 
which I am interested, but that there is a programme from another 
Home Service which I should like to hear, and if I describe 
reception of the Scottish Home Service in my part of the country 
as bad, I do not think I can describe at all the reception from 
other Home Service stations on medium wavelengths. 

Mr. C. M. Beckett (at Edinburgh): I am interested to learn of 
the use of v.h.f. broadcasting in Norway. Surely this long, 
deeply-indented coastline, with so many of its towns and villages 
situated on its fiords, would be rather unsuited to a semi-optical 
method of transmission. 

Mr. F. P. Phillips also contributed to the discussion at Bristol. 

Messrs. E. W. Hayes and H. Page (in reply): In reply to Mr. 
Stanbury, in the event of a fault on one half of the transmitting 


system the transmitter power is reduced by 3dB and the aerial i 
gain by 3dB; the reduction in the effective radiated power is 
therefore 6 dB. | 
The B.B.C.’s decision to build the high-power f.m. stations 
first was determined partly by the poor medium-wave reception |) 
conditions in many highly-populated areas, and also because iu 
experience of the performance of the high-power f.m. stations 10 
was necessary to determine the best sites for the low-power y 
stations. As stated in the paper, there are tentative plans to 
build a station to serve the toe of Cornwall, and also one to serve 


ic 


the Border country mentioned by Mr. Wilkes. Although 
medium-wave coverage of the Home Service in Central Scotland 
is reasonably satisfactory, that of the Third and Light pro- )) 
grammes is restricted to a few relatively small areas near the i 
major cities. The long-wave service in Scotland is marred by 
fading. i 
Mr. Wilkes is, in effect, asking for a choice of more than three ~ 
programmes from each station. Two Home Services are 
radiated from Wenvoe and Sandale to cater for the regional © 
requirements, but there is little prospect of this facility being © 
extended. In any case, no channels are available at present, or © 
likely to be in the near future, for such an extension of the 1 
service. 
The effective radiated power of the North Hessary Tor 
station is 60kW, and we are surprised that Mr. Flower thinks »* 
that the relatively modest increase of 3 dB would eliminate inter- > 
ference troubles. It does not seem unreasonable to ask the | 
Electricity Board to minimize interference with other services, © 
in the same way that motor cars, in addition to being suitable © 
for carrying passengers, are also required not to create an undue | 
amount of noise. 
We agree with Mr. Sutcliffe that the advantage of the half-wave | 
dipole lies in its convenient impedance and wide bandwidth. |) 
One compromise in practical use for indoor installations is a 
quarter-wave unipole. Shorter elements either involve undue | 
matching difficulties and have a very poor bandwidth, or have a © 
poor pick-up. The length of the radiating portion of the trans- 
mitting aerial is 80ft; we agree with Mr. Sutcliffe’s stricture on 
our use of the term ‘aperture’. : 
The differences in the field strengths of the transmissions 
radiated from the same site, mentioned by Mr. Duret, are. 
generally due to local reflections which give rise to standing-wave i 
field patterns. In areas unfavourably situated for v.h-f. recep- 
tion there may be associated differences in quality, for the reasons 
stated in Section 3.4.2 of the paper, unless an efficient receiving | 
aerial is used. 
In reply to Mr. Turner, gap-filling of the radiation pattern of 
the f.m. aerial is not necessary. There are, of course, field- 
strength minima, but over the narrow channels considered chew 
do not cause distortion. Moreover, multi-path propagation » 
effects in f.m. transmission are generally important only when} 
the path difference between the direct and the delayed signals is | 
at least 5 miles; for a well-sited station the amplitude of such} 
delayed signals will be negligible compared with the direct signal, | 


even in the regions of minimum field strength, which are less 
than 1 mile from the transmitting aerial. On the other hand, 
for a television service, delayed signals of short path difference | 
are important; the field strength of these signals can be more | 


nearly comparable with that of the direct signal in the regions” 
of minimum field strength. 
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